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Flow boiling in microchannels is one of the most promising cooling techniques 
for microelectronics. Using latent heat by vaporization can significantly improve heat 
dissipation of high power density electronic devices. Most of the failure of electronic 
devices is induced by the occurrence of critical heat flux (CHF), which defines the 
maximum operating conditions. However, the vigorous rapid generation of vapor through 
phase change leads to chaotic two-phase flows in microchannels, resulting in flow 
instability in terms of severe flow, temperature and pressure drop fluctuations. 
Particularly, the very well-known bubble confinement exacerbates the two-phase flow 
instabilities and greatly deteriorates heat transfer performance in terms of CHF and heat 
transfer coefficient (HTC). On the other hand, the primary two-phase flow patterns, 
including bubbly flow, slug flow, and annular flow, are not in control in conventional 
microchannels. The regulation of two-phase transport is essential to improve flow boiling 
in microchannels. 
In this dissertation, semi-theoretical and experimental studies are conducted to 
investigate the enhanced mechanism of microchannel flow boiling. Two novel 
methodologies were developed to radically solve the critical two-phase transport issues in 
microchannel flow boiling, including “two-phase oscillator” and “two-phase 
separation”. Flow boiling performances are significantly enhanced by promoting 
nucleate boiling, convection and thin film evaporation through controlling two-phase 
transport based on the two methodologies. For example, multiple micronozzles are
vii 
designed to efficiently remove confined bubble and extend mixing in microchannel by 
creating “two-phase oscillator” to generate high frequency jetting flows and high 
frequency two-phase oscillations. Furthermore, a better control of two-phase flow 
patterns is achieved, i.e., highly desirable annular flow. Novel micropin fin arrays have 
been developed to achieve “two-phase separation” through rectifying stochastic 
liquid/vapor interfaces into on-demand manner. Significant enhancements of flow boiling, 
and flow stabilities have been demonstrated. HTC model and CHF model have been 
developed to predict the HTC and CHF of flow boiling. HTC modeling provides insights 
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CHAPTER 1 INTRODUCTION OF FLOW BOILING IN 
MICROCHANNELS  
Flow boiling in microchannels is one of the most promising cooling techniques 
for microelectronics [1]. Using latent heat by vaporization can significantly improve heat 
dissipation of high power density electronic devices. Microscale boiling system are 
widely applied in many engineering fields, for example, micro heat-exchangers[2-4], 
micro chemical reactors[5, 6], micro-pump/valve[5, 7-10] and micro-mixers[11-13] and 
nuclear power plants cooling. Additionally, high power electronics cooling becomes even 
more challenging due to the shrinking device size with an increased power density. 
Two-phase cooling using closed microchannels has been considered as one of the most 
promising solutions owing to its advantages in packaging and potentially high transport 
performance compared to single-phase microchannel cooling techniques[14-17].  
However, the vigorous rapid generation of vapor through phase change leads to 
adverse two-phase flows in microchannels due to the well-known bubble confinement, 
which can lead to unfavorable two-phase flow instabilities in terms of low frequency and 
large amplitude of wall temperature and pressure drop fluctuations. However, it is 
challenging to improve the boiling heat transfer inside microchannels without a 
significant drawback because of the limitations imposed by the confined vapor bubbles, 
which lead to flow choking and dryout [18, 19]. The persistent bubble confinement 
inherently retards these primary and efficient heat transfer modes including nucleation, 
convection, and evaporation. The existence of confined bubbles/vapor slugs in
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microchannels severely deteriorates the heat transfer performances. For example, 
confined bubbles in microchannels during boiling process can induce severe flow 
instabilities and result in liquid flow crisis, eventually retarding highly efficient thin film 
evaporation [20, 21]. Therefore, rapidly and passively cracking the confined bubbles can 
be an effective method to improve microchannel flow boiling. 
Extensive studies have been conducted with an aim at enhancing flow boiling in 
microchannels by promoting nucleation, convection and evaporation [18, 22-26]. 
Numerous techniques have been explored to promote flow boiling performance through 
physical surface modifications [19, 24, 27] or change of working fluids [28-30]. These 
include enhanced nucleate boiling by increasing nucleation sites through integration of 
micro/nano-structures [24, 27, 31] and enhanced thin film evaporation by integrating 
micro-structure on the bottom of channel [19, 32]. 
The three primary flow patterns are bubbly flow, bubble slug flow and annular 
flow during flow boiling in microchannels[2, 4, 33, 34]. As the increase of power input 
reaches the boiling point of working fluids, phase change will occur in confined 
microchannels. During the initial stage of boiling, individual bubbles with diameters 
smaller than hydraulic diameter, therefore, the bubbly flow is formed. The further 
increase of power input will induce rapid vigorous generation of vapor, leading to the 
formation of elongated bubbles. Annular flow patterns are induced by the coalescence of 
vapor slugs with increasing of vapor quality in microchannels. Generally, the flow 
patterns may vary in microchannels in the direction of fluid flows, as shown in Figure 
1.1.  
The vigorous rapid generation of vapor through phase change leads to chaotic 
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two-phase flows in microchannels, resulting in flow instability in terms of severe flow, 
temperature and pressure drop fluctuations. Particularly, the very well-known bubble 
confinement exacerbates the two-phase flow instabilities and greatly deteriorates heat 
transfer performance in terms of CHF and heat transfer coefficient (HTC). On the other 
hand, the primary two-phase flow patterns, including bubbly flow, slug flow, and annular 
flow, are not in control in conventional microchannels. The regulation of two-phase 
transport is essential to improve flow boiling in microchannels. 
Over one hundred years’ research has established that the boundary layer at the 
solid-fluid interface, first proposed in 1904 by Ludwig Prandtl[35, 36], plays a governing 
role in the regulating fluid flows. The understanding and controlling of the boundary 
layer has not only led to advanced understanding, but also promises viable applications 
such as in microfluidics, thermal management of high power electronics, and fuel cells. 
Currently, with the advances in MEMS (microelectromechanical systems) and 
microfluidic techniques, single-phase transport can be precisely controlled by 
manipulating the physiochemical properties of the solid surface.  
 
Figure 1.1 From left to right, different two-phase flow patterns under different vapor 
qualities [4]. 
Generally, comparing to conventional system, the main challenging for 
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microscale flow boiling heat transfer is how to control two-phase transport to enhance 
flow stabilities, enlarge working conditions and promote heat transfer efficiency. To solve 
these challenging, two new concepts are proposed. In this proposal, we defined 
“two-phase oscillator” and “two-phase separation”, which could regulate the disordered 
two-phase flows. The regulation of two-phase transport can be achieved by controlling 
the primary flow patterns, such as bubbly flow, slug flow and annular flow. Therefore, 
new concepts of two-phase regulation would be proposed and demonstrated to the control 
in two-phase flow.  
 
Figure 1.2 Concept of microbubble switched  
oscillator to modulate bubble growth/collapse  
in this main channel [37]. 
Most recently, a microfluidic transistor with inlet orifices was devised to realize 
timely collapse of confined bubbles and also generation of highly desirable intense 
mixing by self-sustained two-phase oscillations in our previous studies [18, 37]. Figure 
1.2 shows the concept of microbubble switched oscillator to modulate bubble 
growth/collapse. The high frequency two-phase oscillations have been achieved without 
using external controllers and forces. However, there are some limits in the previous 
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two-nozzle configuration [18]. The only two nozzles located at the middle of each main 
channel led to a limited mixing area, resulting in persistent vapor slug in the upstream 
near inlet due to low bubble removal capability. Additionally, less nucleate sites are 
unfavorable for enhancing flow boiling heat transfer rate. 
 
Figure 1.3 Concept and structure of the microchannel with integrated multiple  
microscale nozzles and reentry cavities. (a) Improved global liquid supply to  
main channels through auxiliary channels via nozzles, the bubbles nucleate  
from nozzles and cavities, and local liquid spreading by microscale reentry 
cavity-induced capillary flows. (b) SEM (Scanning Electron Microscope) image 
of a top view of the main channel integrated with embedded reentry cavities 
(cavity dimensions: diameter = 30 μm, opening =6 μm, distance = 100 μm). 
(c) SEM of a micronozzle from aerial view of 45o, which connects both  
auxiliary and main channels. (d) SEM of two reentry cavities inside the  
sidewall. (All scale bars are 40 μm). 
To enhance nucleate boiling and extend the working range of mixing, in this 
proposed research, an improved microchannel configuration is proposed with four 
evenly-distributed nozzles at a space of 2 mm. For better compactness, an auxiliary 
channel is shared by two neighboring main channels. Figure 1.3 shows the concept and 
structure of the microchannel with integrated multiple microscale nozzles and reentry 
cavities. The new configuration is developed based on the experimental and theoretical 
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study of two-nozzle design [18, 25]. With the present improved configuration, nucleate 
boiling can be further enhanced, and the range of mixing can be extended to the entire 
channel. 
 
Figure 1.4 Schematic of top-view two-phase flow  
patterns/structures. (a) Intensive and cohesive interactions 
between liquid and vapor flows lead to multiple two-phase 
flow patterns; and (b) an ideal two-phase flow structure  
with liquid and vapor flows fully separated. 
On the other hand, Figure 1.4 shows a new configuration microchannel, which is 
proposed to efficiently regulate the disordered two-phase flows by introducing 
micro-structures along the side walls of microchannels. The porous structures are 
assumed to significantly improve the capillary effect in the boundary layers. As a result, 
an ideal two-phase flow structure with liquid and vapor flows fully separated would be 
generated. In smooth wall microchannels, intensive and cohesive interactions between 
liquid and vapor flows lead to multiple two-phase flow patterns and intrinsic transport 
crisis (such as flow instabilities, partial dryout, high pressure drop, high exit vapor quality, 
etc.). It is extremely challenging to fully separate two phases in conventional 
microchannels. In contrast, an ideal two-phase flow structure with liquid and vapor flows 
fully separated can facilitate a well and nearly evenly-distributed thin liquid film in the 
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entire channel and is promising in addressing long-existing two-phase transport crisis. 
Principally, inducing capillary flows on walls using porous structures can eliminate liquid 
slugs and hence could result in such an ideal two-phase flow structure. 
In this proposal, the state-of-the-art silicon fabrication techniques are used to 
fabricate micro-engineered structures to dramatically enhance thin-film evaporation in 
flow boiling process. Micro-engineered fences made superhydrophilic due to structuring 
result in enhancement of thin-film evaporation and convection heat transfer. In addition, 
we are also investigating avenues to actively manipulate liquid thin film morphology and 
wetting states to design advanced cooling devices for practical applications.  
The fundamental understanding of liquid thin film transport in microchannel with 
superhydrophilic micro-engineered fences is essential is important for a range of 
applications such as microfluidics, thermal management, lab-on-a-chip, water harvesting, 
optical, and biological systems. Interactions between liquids and solids are ubiquitous in 
our physical environment and are typically characterized by the wetting angle that a 
liquid droplet makes on the solid surface. While wettability on flat and homogenous 
surfaces has been researched quite extensively, recent advances in 
micro-/nano-fabrication and coating technologies have enabled the development of smart 
engineered surfaces. A better understanding of the change in wettability due to surface 
engineering in liquid-vapor phase change phenomena is developed. These studies are 
critical for elucidating the underlying physical mechanisms behind the other research 
topics. 
Wetting and liquid propagation are characterized and optimized in microchannel 
with superhydrophilic micro-pinfin fences in this proposal. The microstructures improve 
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liquid spreading by generating capillary pressure in addition to increasing the thin-film 
region where the majority of the evaporation occurs. Moreover, the liquid-film thickness 
and the associated thermal resistance is minimum in the thin-film region making thin-film 
evaporation an attractive choice for dissipating high heat flux. The maintained liquid thin 
film to sustain the evaporation. Closely spaced micro-pinfins are used to generate higher 
capillary pressure that assists liquid spreading while microchannels are used to reduce the 
overall viscous loss by providing a less-viscous bypass path for fluid flow. Experimental 
results indicate that thin-film evaporation is a promising strategy to dissipate higher heat 
fluxes. 
Experimentally demonstrated that, by introducing superhydrophilic micro-pinfin 
fences into microchannel flow boiling, the maximum heat flux of boiling can be 
dramatically increased before catastrophic dryout occurs. The delayed dryout is attributed 
to the enhanced liquid transport in micro-pinfin fences aided by capillary pressure. 
Hydrophilic micro-pinfin fences are implemented in flow boiling systems where heat 
transfer performance is also influenced by many other factors such as flow rate, channel 
geometry, and subcooling. The understanding of micro-pinfin fences in enhancing flow 
boiling can develop better thermal management strategies. 
Literatures Review 
In conventional microchannels, intensive and cohesive interactions between liquid 
and vapor flows lead to multiple two-phase flow patterns and intrinsic transport crisis 
(such as flow instabilities, partial dryout, high pressure drop, high exit vapor quality, etc.). 
Extended studies have been conducted to improve the flow boiling performances in terms 
of HTC and CHF and flow stabilities regarding temperature and pressure drop 
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fluctuations. In this proposal, the literatures review will strongly focus on several tracks, 
including the enhancements of HTC and CHF, reduction of pressure drop, suppression of 
flow instabilities, and prediction of CHF. 
1.1 Enhancement of Heat Transfer Coefficient on DI-water 
Enhancing flow boiling heat transfer has the potential to significantly improve the 
efficiency and reduce the cost of the cooling systems. In practice, the utility of high latent 
heat of vaporization associated with typical liquid-vapor phase change phenomena allows 
significant heat transfer with little temperature rise. However, flow boiling is not 
completely understood mainly due to the complex phase change process, liquid-vapor 
wetting dynamics, convective flows, and temperature fluctuations involved. Furthermore, 
there exists a growing demand for the capability of transferring heat at higher rates as 
well as for improving device efficiencies. 
As the miniaturization of high power electronic devices, high cooling capability is 
demanded. Among all cooling techniques, flow boiling in microchannels is one of the 
most effective and efficient approaches for thermal management of high power electronic 
devices [1, 21]. However, it is challenging to improve the boiling heat transfer inside 
microchannels without a significant drawback because of the limitations imposed by the 
confined vapor bubbles, which lead to flow choking and dryout [18, 19]. The persistent 
bubble confinement inherently retards these primary and efficient heat transfer modes 
including nucleation, convection, and evaporation. Extensive studies have been 
conducted with an aim at enhancing flow boiling in microchannels by promoting 
nucleation, convection and evaporation [18, 22-26]. Numerous techniques have been 
explored to promote flow boiling performance through physical surface modifications [19, 
10 
 
24, 27] or change of working fluids [28-30]. These include enhanced nucleate boiling by 
increasing nucleation sites through integration of micro/nano-structures [24, 27, 31] and 
enhanced thin film evaporation by integrating micro-structure on the bottom of channel 
[19, 32]. However, these approaches have not shown strong effectiveness on removing or 
managing the bubble confinement. The existence of confined bubbles/vapor slugs in 
microchannels severely deteriorate the heat transfer performances. For example, confined 
bubbles in microchannels during boiling process can induce severe flow instabilities and 
result in liquid flow crisis, eventually retarding highly efficient thin film evaporation [20, 
21]. Therefore, rapidly and passively cracking the confined bubbles can be an effective 
method to improve microchannel flow boiling. 
In tradition, bubble collapse/removal can be achieved by direct interface 
condensation [38-41]. But a slow bubble collapse/removal cannot meet the need of high 
working heat loads, where vigorous vapor is generated, resulting in chaotic and violent 
two-phase flows. Many techniques have been developed to remove or control confined 
bubbles. For example, inlet orifices were designed to overcome the bubble flow reversal 
[20, 26]; Taper geometry was explored to enhance bubble removal by changing 
cross-section area [42]. However, they either induce additional pressure drop or require 
high mass velocity. Most recently, a microfluidic transistor with inlet orifices was devised 
to realize timely collapse of confined bubbles and also generation of highly desirable 
intense mixing by self-sustained two-phase oscillations in our previous studies [18, 37]. 
The high frequency two-phase oscillations have been achieved without using external 
controllers and forces. However, there are some limits in the previous two-nozzle 
configuration. The only two nozzles located at the middle of each main channel led to a 
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limited mixing area, resulting in persistent vapor slug in the upstream near inlet due to 
low bubble removal capability. Additionally, less nucleate sites are unfavorable for 
enhancing flow boiling heat transfer rate.  
To enhance nucleate boiling and extend the working range of mixing, in this 
proposal, an improved microchannel configuration is proposed with four 
evenly-distributed nozzles at a space of 2 mm. For better compactness, an auxiliary 
channel is shared by two neighboring main channels. The new configuration is developed 
based on the experimental and theoretical study of two-nozzle design [18, 25]. With the 
present improved configuration, nucleate boiling can be further enhanced and the range 
of mixing can be extended to the entire channel. 
In striking contrast to the single-phase transport, the regulation of two-phase 
(liquid-vapor) transport remains elusive, mainly due to the complexity imposed by the 
dynamic liquid-vapor interface. As schematically illustrated in Error! Reference source n
ot found. (a) [43], two-phase flow patterns are stochastic and transitional. For example, 
for a typical Taylor flow (slug flow) in conventional flow boiling microchannels, growing 
bubbles are randomly formed and then confined by the sidewalls[44]. Such isolated 
bubbles or slugs serve a natural barrier for the establishment of preferential two-phase 
separation, leading to limited highly efficient thin liquid film evaporation as a result of 
intermittent liquid film patches, unwanted pre-mature critical heat flux (CHF) due to 
partial dryout and instable flows, and two-phase transport crisis (e.g. two-phase flow 
instabilities). Such a transport crisis is further aggravated under high vapor or gas quality 
conditions[45-50], resulting in poor heat transfer coefficient (HTC), and low CHF, and 
high pressure drop. The primary principle to enhance flow boiling HTC is to facilitate 
12 
 
thin film evaporation[51]. Numerous techniques have been developed to promote thin 
film evaporation. However, it is extremely challenging to spread and sustain thin liquid 
film to the entire channel, particularly, at high heat flux conditions near the outlet region 
in microchannels without increasing two-phase pressure drop. Owing to the substantial 
increase of thin film evaporation area, an ordered two-phase flow structure, and a drastic 
reduction in the contact areas and the lubrication effect[52], the rectification of inherently 
interacted liquid and vapor phase flows into a fully separated liquid/vapor interface Error! R
eference source not found. (b) would be highly desirable and promising in resolving the 
inherent and conflicting two-phase transport tradeoffs. 
1.2 Enhancement of Heat Transfer Coefficient on HFE-7100 
To assure safety and reliability of electronic microsystems, the highly wetting 
coolant of dielectric fluids is one of the most desirable working fluids for high power 
electronics cooling [53-56]. However, it is extremely challenging to enhance their flow 
boiling performances without precooling the coolant, particularly CHF, due to their 
unfavorable thermophysical properties. For example, thermal conductivity of HFE-7100 
is ~0.069 W/m∙K, nearly one tenth of water. In addition, the latent heat of vaporization of 
HFE-7100 is 111.6 kJ/kg, which is ~20 times smaller than that of water. On the other 
hand, compared to water, its nearly 5 times lower surface tension of 13.6 mN/m makes it 
difficult to promote CHF of HFE-7100 by enhancing surface wettability as these effective 
methods (such as nanowires [24, 27, 55] and hydrophilic coatings [19]) on water. 
Moreover, the low surface tension makes it hard to sustain highly desirable and long thin 
liquid film on the heating surface. The dielectric fluid tends to be blown away from the 
heating wall by vapor flow, particularly, in smooth wall microchannels. 
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Due to the difficulty in promoting thin film evaporation, nucleate boiling as well 
as liquid spreading, hence, the enhancements of dielectric fluid flow boiling 
performances in microchannels in terms of HTC and CHF are usually limited. 
Additionally, the vapor density of HFE-7100 is 10.535 kg/m3 at saturated temperature of 
61 oC, which is ~17 times higher than the steam density of 0.6 kg/ m3. HTC and CHF 
would be deteriorated by the severe vapor reversal flow resulted from vigorous vapor 
generation. Severe flow reversal would prevent the liquid renewal in channels and lead to 
high pressure drop. By cooling the inlet temperature to -30 ˚C and using mass flux up to 
5550 kg/m2 s [57], Lee and Mudawar [57] have successfully managed these issues caused 
by the high vapor momentum and achieved a CHF value of ~700 W/cm2 on HFE-7100. 
High mass flux can help to overcome reversal flows; while cold coolant can effectively 
manage bubble confinement. 
Extensive studies have been conducted to enhance the HTC of flow boiling on 
dielectric fluids. For example, enhanced nucleate boiling was achieved by increasing 
nucleation sites, such as nanowires [55], reentrant cavity [56], porous graphite [58, 59] 
and other porous surfaces [53]. On the other hand, highly efficient thin film evaporation 
can be achieved by sustaining thin liquid film through inducing capillarity using 
micro/nano-structures. Some efforts have been taken to improve HTC of HFE-7100 flow 
boiling, such as the effects of variation of microchannel diameter [60] and inclination of 
microchannel [61] on HTC. However, according to our literature review, CHF 
enhancements are insignificant without pre-cooling the coolant inlet temperature.  
Explosive boiling, two-phase flow instabilities, and local dry-out are three main 
factors triggering CHF crisis in a closed microchannel system. Premature of CHF can be 
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triggered by explosive boiling because of low thermal conductivity. The low surface 
tension of dielectric fluids is highly likely to result in local dry-out by the formation of a 
stable vapor film on heating surfaces. Additionally, two-phase flow instabilities induced 
by the rapid vigorous vapor generation can lead to occurrence of local dry-out due to the 
crisis of liquid renewal [62, 63], particularly near the outlet section. In last decades, 
numerous techniques have been developed to enhance CHF on DI-water through 
regulating bubble slugs [20, 64], suppressing flow instability [31, 65], modifying surface 
properties [24, 66-70], and promoting liquid rewetting [71-74]. However, few techniques 
have been reported to enhance CHF on dielectric fluids at room temperature. For example, 
flow boiling performance regarding HTC has been enhanced in microchannels integrated 
with nanowires [55], reentrant cavities [56], but not CHF. Although capillary flow is 
enhanced by integrating reentrant cavities [56] and nanowires [55], the lack of liquid 
supply at global level is responsible for the limited enhancement of CHF. As 
aforementioned, a high CHF of ~700 W/cm2 has been reported by Lee et al. on 
pre-cooled HFE-7100 in microchannels [57]. Such a high CHF was achieved at a high 
mass flux of 5550 kg/m2 s and a -30 ⁰C inlet temperature. Hence, it appears more 
challenging to enhance CHF of dielectric fluid flow boiling at room temperature.  
Enhanced CHF without escalating pressure drop is also highly desirable. It has 
been achieved in our previous studies in a four-nozzle microchannel configuration [75, 76] 
and in a microchannel configuration integrated with multiple micronozzles with reentry 
cavities [77], but on water.  
1.3 Enhancement of CHF and reduction of pressure drop 
In flow boiling systems, indicating by a sharp increase of wall temperature, CHF 
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conditions define the maximum working heat flux and could lead to permanent and 
severe damages to equipment and devices if not properly managed. A higher CHF is 
highly desirable to increase the safety margin of flow boiling systems such as two-phase 
heat exchangers and thermal-hydraulic systems in nuclear power plants. Additionally, 
high power electronics cooling becomes even more challenging due to the shrinking 
device size with an increased power density. Two-phase cooling using closed 
microchannels has been considered as one of the most promising solutions owing to its 
advantages in packaging and potentially high transport performance compared to single 
microchannel cooling techniques[14-17]. CHF conditions can be triggered in these 
two-phase microchannels cooling systems by the formation of a stable vapor film on 
heating surfaces, resulting in a tremendous reduction of heat transfer rate and a spike of 
surface temperature[78].  
In closed microchannel systems, CHF crisis can be triggered by explosive boiling, 
two-phase flow instabilities, and local dry-out without a timely liquid supply on heating 
surfaces. Explosive boiling can lead to the premature of CHF because the rapidly 
growing bubbles prevents heating surface from rewetting[62, 63]. On the other hand, 
two-phase flow instabilities can also result in severe reverse flows, leading to liquid 
supply crisis. Compared to regular-sized systems, it is more challenging to regulate 
two-phase flows to enhance flow boiling in closed microchannels due to the well-known 
bubble confinement effect[20]. In last decades, numerous techniques have been 
developed to enhance CHF through promoting surface wettability as well as manipulating 
two-phase flows. These include, but not limited to, regulating bubble slugs[20, 64], 
suppressing flow instability[31, 65], modifying surface properties[24, 66-70], and 
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promoting liquid rewetting[71-74]. Inlet restrictors were considered as one of the most 
effective ways to improve CHF [20], however, at a cost of pressure drop. The state of the 
art of CHF enhancement techniques have been reviewed by Li et al.[25] A CHF higher 
than 30 kW/cm2 has been achieved in microtube flow boiling at a mass velocity of 38,111 
kg/m2 s with an exit vapor quality less than 0.1[79]. Most recently, a tapered 
microchannel configuration has been developed and demonstrated a CHF of 1070 W/cm2 
at an inlet mass velocity of 2624 kg/m2 s with a low pressure drop of 30 kPa owing to the 
increased liquid inertia force and vapor removal capability[65]. It appears that a high 
mass velocity can result in relatively higher CHF in a designated microchannel 
configuration, meaning a lower exit vapor quality and inefficient unitization of coolant. 
However, some enhancement techniques are at the cost of pressure drop. For example, 
inlet restrictors are considered as one of the most effective ways to improve CHF. 
However, significant additional pumping power is required for this technique. 
Furthermore, nano/microscale coating technique can drastically enhance CHF with 
penalty of pressure drop [24, 27] as well. Pros and cons of existing CHF enhancement 
techniques are listed in Table 1.1.  
CHF and pressure drop are two main factors in evaluating flow boiling 
performance in microchannels. Usually, it is highly desirable to enhance CHF without 
elevating two-phase pressure drop. Nonetheless, it is challenging to achieve this goal that 
appears conflicting. A comparison of experimental CHF data has been reported in our 
previous study [25].  
Promotion of bubble collapse/removal can provide an effective approach to 
regulate the two-phase flows in microchannels, facilitating liquid supply through 
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enhanced pumping effect that refers to the high frequency periodic growth and collapse 
of bubbles/vapor slugs.  
Table 1.1 Existing CHF enhancement techniques for flow boiling in microchannels [80]. 
Techniques Pros* Cons* 
Inlet restriction [20, 64] CHF + and HTC+ ∆P+ 
Reentrant cavity [31, 81] CHF+ ∆P~ and HTC~ 
Tapered manifod [42] CHF+, HTC+ and ∆P-  
Micro/minijet [18, 82, 83] CHF+, HTC+ and ∆P-  
Micromixer [84] CHF+ and HTC+  ∆P+ 
Nanofluid [28, 30, 85] CHF+ ∆P+ and HTC~ 
Surfactant [29] CHF+ and HTC+ ∆P~ 
Solution [68, 86] CHF+ and HTC+ ∆P~ 
Surface modification:   
Nano/microscale coating [24, 27, 66, 
67, 69] 
CHF+ ∆P+ and HTC~ 
Surface roughness [87, 88] CHF+ and HTC+ ∆P+ 
*+ increase; - decrease; ~ little effect or unknown. 
To crack the confined bubbles, a novel concept has been developed by our team 
using high frequency jetting flows [18]. With this concept, CHF is enhanced by 
improving the liquid supply to main channels through rapid bubble-collapse-induced 
jetting flows and the resulting enhanced pumping effect [18, 37]. However, the only two 
nozzles located at the center of each channel cannot remove the elongated bubbles 
efficiently in the entire channel, particularly, in the upstream. Thus, persistent vapor slugs 
were observed near the inlet region after the fully boiling phase was developed. To 
address this issue, an improved design has been developed to extend the effect of high 
frequency jetting flows on bubble collapse/remove to the entire channel [89].  
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It would be highly desirable to not elevate the two-phase pressure drop with 
enhanced CHF. Numerical techniques have been proposed. These include using diverging 
channels [90, 91], stepped fin microchannels [92] and taper channels [42, 93]. However, 
these techniques did not consider to timely remove the confined bubbles. since the 
acceleration and frictional pressure drop would be elevated by the rapid bubble expansion. 
Hence, the management of bubble collapse/removal could be promising to reduce 
acceleration and frictional pressure drop. In our previous study, the two-nozzle 
configuration was shown to timely crack the confined bubbles in microchannels [18], 
leading a significant reduction of pressure drop compared to plain wall microchannel 
with IRs [20]. Further reduction of pressure drops owing to efficient bubble removal has 
been demonstrated in our early study of the improved four-nozzle design [89] and will be 
further studied herein. Low collapse rate of elongated bubbles and vapor flow reversal 
due to rapid vapor generation in conventional microchannels are two key factors resulting 
in the obvious increase of two-phase pressure drop compared to single phase flow at a 
specific flow rate [94].  
In this proposal, an improved microchannel configuration with an aim at 
enhancing CHF without elevating pressure drop is developed based on the experimental 
and theoretical study of two-nozzle configuration [18, 25]. The global liquid supply 
would be significantly improved owing to the increased and evenly-distributed four 
nozzles in each main channel. Pressure drop would be reduced owing to increased flow 
area and the induced pumping effect by high frequency bubble growth-collapse process.  
Furthermore, Figure 1.3 shows a new microchannel configuration combining 
multiple jets and reentry cavities. Four evenly-distributed micronozzles are designed to 
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generate jetting flows to rapidly crack bubbles in main channels aiming to improve the 
global liquid supply of the main channel; while microscale reentry cavities can induce 
highly deserved capillary flows and realize sustainable thin liquid film on the main 
channel sidewalls. The rapid collapse of confined bubbles, two-phase flow instabilities 
and two-phase pressure drop due to the bubble confinement can be well managed. With 
the improvement of liquid supply at both local and global levels, a significant delay of 
CHF crisis can be expected in the present microchannel configuration with a reduced 
two-phase pressure drop. 
1.4 Prediction of CHF 
CHF of flow boiling refers to the maximum heat flux just before the boiling crisis 
where a drastic decrease of power transfer capacity or a sudden increase of surface 
temperature occurs. Owing to the complexity of CHF mechanisms during flow boiling in 
microchannels, most of the existing CHF models or correlations are empirical and 
semi-empirical [26, 95, 96]. According to the recent review on CHF in 
mini/microchannels conducted by Roday and Jensen [97], experimental CHF results are 
inconsistent with existing models. For instance, there are disagreements with the 
influence of inlet subcooling degree, pressure, exit quality, and diameter on CHF in 
existing models [95, 98, 99]. Additionally, only a few theoretical CHF models are 
available for flow boiling in microchannels, for example, a theoretical CHF model based 
on interfacial waves [100, 101], or local liquid thin film dryout [102]. However, none of 
these models considered two-phase oscillations; hence these models are not applicable to 
the present microchannel configuration. 
To better understand this CHF enhancement mechanism, a semi-theoretical study 
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in conjunction with experimental investigation is conducted based on fundamental 
thermal/fluid physics. To develop a semi-theoretical CHF model for flow boiling in 
microchannels with high frequency self-sustained two-phase oscillations, all essential 
thermo-physical properties, for example, heat conductivity, specific heat, and latent heat 
of evaporation should be considered. In addition, the mass flux of subcooled liquid is 
critical to the direct condensation heat transfer at the vapor/liquid interface, which 
primarily determined bubble dynamics in the inlet manifold and CHF condition of 
subcooling flow boiling [103, 104]. Especially, as the CHF is approaching, vigorous 
vapor generation resulting from thin film evaporation leads to reversal vapor flow, which 
is governed by the Helmholtz and Rayleigh instabilities. Therefore, it is critical to take 
account of the interfacial condensation [105].  
It is challenging to couple the Helmholtz and Rayleigh instabilities [106] in a flow 
boiling CHF model. The Helmholtz critical velocity of the reversal vapor flow is 
determined by surface tension and hydraulic diameter of the auxiliary channel. The 
establishment of stable vapor columns in the auxiliary channel blocks the liquid supply to 
the heating areas, then results in the CHF conditions. The major challenges to develop 
theoretical CHF model are twofold: first, the length of vapor columns varies with the 
subcooling liquid flow rate; second, the interfacial condensation heat transfer rate is 
difficult to determine. Visualization study of bubble dynamics at CHF conditions is 
conducted to address the former challenge. Additionally, three different interfacial heat 
transfer coefficient (h) correlations have been used to adopt the best suitable interfacial 
heat transfer coefficient model for this present condition. All related influences arising 
from local subcooling near vapor/liquid interface, conjugate heating, and mass flux are 
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taken account into the model. Pressure and temperature oscillation has been discussed in 



















CHAPTER 2 ENHANCED FLOW BOILING IN MICROCHANNELS 
USING AUXILIARY CHANNELS AND MULTIPLE 
MICRONOZZLES 
To enhance nucleate boiling and extend the working range of mixing, in this study, 
an improved microchannel configuration is proposed with four evenly-distributed nozzles 
at a space of 2 mm. For better compactness, an auxiliary channel is shared by two 
neighboring main channels. The new configuration is developed based on the 
experimental and theoretical study of two-nozzle design [18, 25]. On the improved 
configuration, nucleate boiling can be further enhanced and the range of mixing can be 
extended to the entire channel. 
On the other hand, based on this improved microchannel configuration, the CHF 
without elevating pressure drop is assumed to be enhanced in the current study [18, 25]. 
The global liquid supply would be significantly improved owing to two more 
evenly-distributed nozzles in each main channel. 
2.1 Design of the device architecture 
As shown in Figure 2.1(a-c), a four-nozzle configuration microchannel is 
developed with an aim at extending the mixing to the entire channel length, while our 
previous two-nozzle configuration microchannel (Figure 2.1 (d-g)) shows a limited 
mixing capability [18]. Hence, an array of five parallel microchannels (W=200 µm, 
H=250 µm, L=10 mm), with each main channel connected to two auxiliary channels (H = 
250 μm, W= 60 μm, L = 8 mm), is developed to experimentally characterize the flow
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boiling. Each auxiliary channel with a width of 60 μm, has four 20 μm wide nozzles 
connected to the main channel. Inlet restrictors (H = 250 μm; W = 20 μm; L = 400 μm) 
are integrated in each main channel to trap elongated bubbles. A resistor, which serves as 
both a micro heater to generate heat flux and a thermistor to measure the wall 
temperature, is deposited onto the back side of the silicon chip. The heating area (10 mm 
× 2 mm) is identical to the total base area of microchannel arrays. A comparison of main 
features between the present design and previous microchannel configuration is 
summarized in Table 2.1. More descriptions of device and experimental details can be 
found in our previous studies [18, 37]. 
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2.1.1 Microfabrication of the device 
The microdevice was made from a silicon wafer bonded to a Pyrex wafer by a 
standard microfabrication process detailed in our previous study [18]. This process 
started with a double-side-polished n-type <100> silicon wafer. First, before fabricating a 
microheater, a 1 ± 0.01 μm thick thermal oxide layer was grown on both side of the 
silicon wafer. The silicon oxide film provides electrical insulation for the micro heater 
and also acts as a mask for deep reactive ion etching (DRIE) in the subsequent 
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microfabrication steps. Next, a thin film heater was fabricated through a lift-off process 
on the backside of the wafer. In the lift-off process, a pattern mold of a thin film heater 
was prepared with a negative photoresist by photolithography first. Then, a 1.5 ± 0.05 μm 
thick layer of aluminum was deposited followed by a 63 Å thick of titanium layer by DC 
sputtering. Once the thin films were successfully deposited, a thin film heater was formed 
by a lift-off process. A 1 ± 0.05 μm thick plasma-enhanced chemical vapor deposition 
(PECVD) oxide layer was then deposited to protect the thin film heater in the subsequent 
fabrication processes. 
 
Figure 2.1 The design and major dimensions of  
two microchannel configurations. (a) The improved  
four-nozzle microchannel configuration. (b) SEM  
image of the micronozzle distribution with a  
separation of 2 mm. (c) SEM image of the  
micronozzle. (d) The two-nozzle configuration  
developed in our previous study [18]. (e) A close  
look of two-micronozzle location. (f-g) SEM image  
of a pair of and an individual micronozzles. 
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After the heater was formed on the backside, a patterned mask of microchannels 
on the top side of the wafer were etched in the silicon oxide through photolithography 
and reactive ion etching (RIE). The area under the oxide mask was protected and the 
remaining areas were etched out to create 250 ± 3 μm deep trenches by DRIE.  
A Pyrex glass wafer was anodically bonded to the silicon substrate to seal the 
device. The transparent glass cover also served as a window for visualization studies. RIE 
was used to remove oxide coatings on the backside to expose the contact pads after 
anodic bonding. The individual microchannel test chips (length 30 ± 0.005 mm; width 
10 ± 0.005 mm; thickness 1 ± 0.005 mm) were cut from the wafer by a dice saw.  
2.1.2 Experimental setup 
The experimental setup and test procedures detailed in our previous study [18] 
were used and applied to the present study. Major components of the experimental setup 
include an optical imaging system, a data acquisition unit, and an open loop for coolant 
supply. A pressurized water tank was used to supply deionized (DI) water, which was 
degassed prior to tests and pumped by compressed nitrogen (N2). Mass fluxes were 
measured by an Omega flow meter with a 0.03 kg/m2 s resolution. Electrical power was 
supplied by a high precision digital programmable power supply. The voltage on the 
micro heater was measured by an Agilent digital multimeter. Two Omega K type 
thermocouples were used to measure the inlet and outlet fluid temperatures. Flow rate, 
local pressure, inlet and outlet temperature, and voltage and current were recorded by a 
customized data acquisition system developed from NI LabVIEW®. A visualization 
system comprised of a high-speed camera (Phantom V 7.3) with 256×256 pixels at 
approximate 40,000 frames per second and an Olympus microscope (BX-51) with 400× 
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amplifications was used to study the bubble dynamics and two-phase flow structures. 
2.1.3 Experimental procedures 
The thermistor was calibrated in an isothermal oven prior tests. The relationship 
between microheater temperature and its electric resistance was generated using a linear 
curve fitting. The confidence of the correlation coefficient was estimated to be higher 
than 0.9999. The heat loss as a function of temperature difference between micro device 
and ambient temperature was experimentally evaluated. Without fluid flows, the device 
was gradually heated up into steady state. The device temperature change is proportional 
to the heat input. The curve obtained by linear fitting was used to estimate heat loss with 
a high accuracy [18].  
After assembling the microchannel device on the test package, the flow rate was 
kept constant at a set value ranging from 120 kg/m2 s to 600 kg/m2 s. Uniform heat fluxes 
at a constant step of around 3-20 W/cm2 were applied by a digital power supply through 
the microheater until approaching CHF conditions. For each data point, the data 
acquisition system recorded 90 sets of steady state experimental data including voltages, 
currents, local pressures and temperatures at inlet and outlet at 4 min intervals. 
2.2 Data reduction 
2.2.1 Flow boiling heat transfer 
In this study, the data of voltage, current and pressure drop are obtained to deduce 
wall temperatures and HTCs. The electrical input power (P) and resistance of the heater 
(R) is calculated as, respectively, 




/R V I  (2) 
Then heat loss ( lossP ) between the environment and the testing chip is deducted 
from P to calculate the effective power: 
eff lossP P P   (3) 
The overall temperature of the thin film heater is calculated as, 
0 0( )heaterT K R R T    (4) 
where R0 is the resistance of the micro heater at room temperature and K is the 
slope of the heater electrical resistance-temperature calibration curve. The surface 
temperature (Twall) at the base area of the microchannels is then calculated using the 
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where /eff eff bq P A  . 
To accurately derive the two-phase heat transfer rate, the microchannels length (L) 
is divided into two sections: single-phase region (Lsp) and two-phase region (Ltp) [18]. 
The length of the two sections varies significantly with vapor quality as observed by flow 
visualization. The two-phase HTC ( tph ) by considering fin efficiency was used to 
evaluate flow boiling heat transfer performance in the two-phase region (Ltp) by 
excluding the weight of the single-phase heat transfer from the overall temperature. The 
single-phase HTC by considering fin efficiency is calculated from,  
(1 ) ( ) / 2
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sp
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where the fin efficiency ( f ) was estimated from tanh( ) /f mH mH  and 
2 ( ) /sp f s fm h L W k W L  . The overall temperature in single-phase region is the mean 
value of the inlet and exit surface temperatures in this region.  
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The overall temperature of the two-phase heat transfer region ( tpT ) is obtained by 
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These length values (Lsp and Ltp) were measured through visualization. Taking 
into account fin effects on a single microchannel, the two-phase HTC by considering fin 
efficiency is calculated as, 










Because the thermal conductivity of Pyrex glass is approximately 1% of silicon, 
the interface between the microchannel walls and the cover glass is assumed to be 
thermally insulated in the fin approximation. Then, tph was iteratively obtained from Eq. 
1 through Eq.10. Additionally, the exit vapor quality was calculated with mass flow rate 









  (11) 
Then, the contribution of latent heat during phase-change heat transfer was 
derived as, 
latent eff sensibleQ P Q   (12) 
where eff lossP P Q  , Qsensible is the sensible heat resulting from the subcooled 
liquid. It was derived as, 
 sensible c p sat iQ GA C T T   (13) 
In above equations, t and ks are the substrate thickness, the thermal conductivity 
of silicon, respectively. Major physical properties of DI-water are given in atmosphere. 
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where pi is the inlet pressure and Δp is the pressure drop. 
In addition, to evaluate the overall heat transfer performance of the device, the 










2.2.2 Uncertainty analysis 
Uncertainties of experimental variables are specified in Table 2.2. Uncertainties of 
measured values are adopted from the manufacturers’ specification sheets, and the 
uncertainties of derived variables are calculated according to the propagation of 
uncertainty analysis.  
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Table 2.2 Uncertainties of key parameters. 
Name of Variables Errors 
Mass flux, G 2% 
Voltage on the heater, V 0.10% 
Current on the heater, I 0.10% 
Ambient Temperature, Ta 0.5 °C 
Effective heat flux, 
effq  0.17% 
Electrical resistance, R 0.20% 
Overall temperature, ?̅? 0.8 °C 
Overall HTC, ℎ̅ 3.1% 
HTC, h 3.78% 
Estimated at: G = 430 kg/m2s and 
effq  = 376.9 W/cm
2 
2.3 Results and discussion 
2.3.1 Flow boiling curves 
Figure 2.2 shows that the overall HTC based on the heating area as a function of 
heat flux is depicted at different mass fluxes ranging from 120 kg/m2 s to 600 kg/m2 s. 
The overall HTC increases with increasing mass flux. Figure 2.2 indicates that the slope 
of each HTC curve initially sharply declines with the increase of effective heat flux and 
exit vapor quality, and then becomes flat. During the early boiling stage, nucleate boiling 
shall be dominant associated with a low vapor quality. The dispersed bubbles in the 
channel may promote the convection heat transfer by increasing the liquid superfacial 
velocity. Hence, the overall HTC shows the highest value after onset of nucleate boiling 
(ONB). As the increase of heat flux and thus the vapor quality, the role of nucleate 
boiling in determining heat transfer gradually decreases while convective boiling and 
evaporation become more dominant. Figure 2.2(a) shows two distinct bands of HTC 
curves as indicated by exit vapor quality among different flow rates. For low mass fluxes 
from 120 kg/m2 s to 180 kg/m2 s, the HTCs dramatically decrease among exit vapor 
quality from 0.25 to 0.6. For higher mass fluxes from 325 kg/m2 s to 600 kg/m2 s, the 
HTCs gradually decrease among exit vapor quality from 0.1 to 0.35. Previous studies 
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demonstrate that the HTC descends with the increase of exit vapor quality due to the 
increasing heat flux [18, 107, 108]. The study of visualization would help with the 
explanation of different trends of flow boiling curves between the low and high mass 
fluxes. 
 
Figure 2.2 Overall HTC based on heating area versus  
(a) effective heat flux and (b) exit vapor quality with mass  





Figure 2.3 shows that two-phase oscillations present in upstream at a low mass 
flux of 150 kg/m2 s. The confined bubble shrinks due to interfacial condensation. Mixing 
induced by jetting flow is limited in the entire channel as indicated in Figure 2.3 and 
Figure 2.4. However, at higher mass flux of 325 kg/m2 s, strong mixing induced by 
jetting flow and two-phase oscillations are observed (as illustrated in Figure 2.5). 
Compared to upstream, Figure 2.4 and Figure 2.6 show that the mixing is not as obvious 
and frequent as observed in the downstream. Partial dryout or liquid detaching from walls 
starts to develop in downstream. The force analysis of flow boiling in microchannels by 
Alam et al. [109] has demonstrated that evaporation momentum force increases with the 
increasing heat flux and then dominates over shear force at high heat flux ranges, which 
makes it difficult to spread liquid on walls and hence leads to liquid detaching as 
illustrated in Figure 2.4 and Figure 2.6. This could explain a reduced HTC with the 
increasing heat flux due to the reduction of effective heat transfer area. 
 
Figure 2.3 Two-phase oscillations is observed in the upstream at a heat  
flux of 117 W/cm2 and a mass flux of 150 kg/m2 s in four-nozzle  





Figure 2.4 Mixing is not obvious and frequent in the  
downstream at a heat flux of 117 W/cm2 and a mass flux of  
150 kg/m2 s. Droplet evaporation is observed.  
(Scale bar is 200 μm) 
 
Figure 2.5 Strong mixing and two-phase oscillations are  
observed in upstream at a heat flux of 298 W/cm2 and a mass  




Figure 2.6 Compared to upstream, the mixing is not obvious  
and frequent in the downstream at a heat flux of 298 W/cm2  
and a mass flux of 325 kg/m2 s. (Scale bar is 200 μm)    
 
Figure 2.7 Local HTC by considering fin  
efficiency against (a) effective heat flux  
and (b) exit vapor quality are plotted for  




Figure 2.8 Effective HTCs by considering fin  
efficiency against (a) effective heat flux and  
(b) exit vapor quality are plotted for high  
mass fluxes. 
Compared to overall HTCs, local HTCs considering the fin efficiency could 
provide more insights into the heat transfer mechanisms. Figure 2.7 and Figure 2.8 shows 
the local HTCs versus effective heat flux and vapor quality at low and high mass fluxes, 
respectively. Compared to overall HTCs, local HTCs can better evaluate the heat transfer 
mechanisms since it considers all effective heat transfer areas. Figure 2.7 shows that there 
is a peak value of HTCs at low mass fluxes of 120 kg/m2 s, 150 kg/m2 s and 180 kg/m2 s. 
The local HTCs initially increase with the increase of effective heat flux until the 
establishment of the fully developed boiling and then gradually decreased with heat flux 
increasing. As the increase of effective heat flux, dryout was observed in the downstream 
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as illustrated in Figure 2.4 at a mass flux of 150 kg/m2 s and a heat flux of 117 W/cm2, 
resulting in the descending HTC curve. For curves of HTCs plotted versus exit vapor 
quality, the HTCs reach their maximum values at exit vapor qualities between 0.3 and 
0.45 when boiling occurs in the entire channel, as shown in Figure 2.7. For example, at 
the low mass flux of 150 kg/m2 s, nucleate boiling prevails; while the confined bubble 
shrinks in upstream owing to interfacial condensation. Although two-phase oscillations 
were identified, the intensity in terms of frequency and magnitude is significantly lower. 
The HTCs sharply drop as the exit vapor quality higher than 0.4 because the increase of 
exit vapor quality leads to weak mixing (as indicated in Figure 2.3 and Figure 2.4) and 
hence the local dryout developed from outlet region. For example, Figure 2.6 shows 
mixing is not obvious and intensive in the downstream at a mass flux of 325 kg/m2 s and 
a heat flux of 298 W/cm2. Figure 2.8 demonstrates that the HTCs initially increase when 
nucleate boiling is dominant and then gradually decline after the full establishment of 
mixing and two-phase oscillations for higher mass fluxes. Specifically, Figure 2.8 shows 
that the HTC keeps a relative high value as the boiling process at a mass flux of 600 
kg/m2 s associated with exit vapor quality lower than 0.4. The maximum value is ~115 
kW/m2 K during fully developed flow boiling owing to strong mixing. 
2.3.2 Enhanced flow boiling 
Figure 2.9 shows that the overall HTCs based on heating area are significantly 
enhanced compared to our previous two-nozzle configuration [18]. An enhancement up to 
123% is achieved at a low mass flux of 150 kg/m2 s (Figure 2.9(a)). As the increase of 
mass fluxes, the enhancement of overall HTCs decreases to ~20% at a moderate mass 
flux of 325 kg/m2 s. The larger enhancement of overall HTC for low mass fluxes may be 
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attributed to the enhanced nucleate boiling primarily owing to increased nucleation site 
density compared to that in the two-nozzle configuration [31]. 
 
Figure 2.9 Overall HTC in the  
present study is compared to 
two-nozzle configuration. 
To fairly compare the boiling performance in these two microchannel 
configurations, Figure 2.10 compares local HTC considering fin efficiency for mass 
fluxes ranging from 150 kg/m2 s to 430 kg/m2 s. Though enhancement varies with mass 
fluxes, local HTC has been substantially enhanced under all three compared mass fluxes 
when the superheat is less than ~10 K, at which nucleate boiling is believed to prevail. 
Specifically, at the low mass fluxes, such as 150 kg/m2 s, an enhancement of ~67% is 
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achieved (Figure 2.10(a)) and then the enhancement drops to 31% at the peak value. As 
superheat increasing, the enhancement is further reduced. The trend of the two boiling 
curves is similar. The HTC firstly increases and then decreases with effective heat flux.  
 
Figure 2.10 The local HTCs  
including fin efficiency are  
compared to two-nozzle 
configuration. 
The peak value of local HTC is achieved at onset of fully developed boiling 
(OFB). However, the enhancement decreases to ~54% as the mass flux increases to 325 
kg/m2 s in nucleate boiling region. The trend of boiling curves between the present study 
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and two-nozzle configuration is quite different as mass fluxes reach 325 kg/m2 s or higher. 
In this study, the peak value of local HTCs occurred after ONB when superheat above 
zero and then local HTCs gradually decline with an increase of heat flux for mass fluxes 
over 325 kg/m2 s (as shown in Figure 2.10(b, c)). In contrast, the peak of local HTC for 
the two-nozzle configuration happens near onset of fully boiling for all the mass fluxes 
[18]. Our previous study [18] has demonstrated that the gradually decline of local HTCs 
was linked to the formation of persistent vapor slugs in the section between the 
cross-junction and the inlet. Finally, the results in Figure 2.10 show that the local HTC is 
significantly enhanced compared to the two-nozzle configuration, including significant 
enhancement in the whole boiling process at a mass flux of 150 kg/m2 s and in the 
nucleate boiling region at mass flux of 325 kg/m2 s and 430 kg/m2 s. At a higher mass 
flux of 430 kg/m2 s, the HTC values of the present study in the fully developed boiling 
region are lower than that of two-nozzle configuration, as indicated in Figure 2.10(c). 
 
Figure 2.11 Significant reduction of ONB in the 
present configuration compared to the two-nozzle 
one. 
As aforementioned, local HTCs are significantly enhanced during nucleate boiling 
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region compared to the two-nozzle configuration at higher mass fluxes. Figure 2.11 
indicates that significant reduction of ONB is observed owing to the enhanced nucleation 
because of increased number nucleation sites. The overall wall superheat at ONB is 
approximately 15 ºC lower compared to that of the two-nozzle configuration. Figure 2.11 
also shows that the ONB gradually increases with the increase of mass flux, requiring 
higher average wall temperature to trigger nucleate boiling. 
 
Figure 2.12 (a, b) Extended mixing in the entire channel is  
achieved by four activated nozzles at a mass flux of  
600 kg/m2 s and a heat flux of 439 W/cm2. (c) Mixing was  
observed at the central section of channel in two-nozzle  
configuration microchannel at 430 kg/m2 s and a heat flux 
of 106 W/cm2. (Scale bars are 200 μm) 
Laminar flow is dominant during flow boiling in traditional microchannels in 
most working conditions [19, 20, 31, 32]. Improving mixing plays an essential role in 
enhancing flow boiling heat transfer in microchannels. Mixing is highly efficient, but 
hard to passively induce during flow boiling in microchannels. Active methods such as 
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impingement jets [110-112] can enhance flow boiling by promoting fluid mixing. Our 
previous study has demonstrated that embedded staggered herringbone mixers can 
significantly improve flow boiling performance through enhancing mixing [113]. 
Recently, mixing was also achieved using the self-sustained high frequency two-phase 
oscillations induced by rapid thermal bubble growth/collapse [18]. However, the mixing 
is only limited to the central section (Figure 2.12 (c)) and there are no two-phase 
oscillations in the upstream (Figure 2.13). In this study, the extended intense-mixing (as 
indicated in Figure 2.12 (a, b)) due to high frequency jetting flows could be another 
responsible factor for the enhanced HTCs of the present configuration, as shown in 
Figure 2.7 and Figure 2.8. 
 
Figure 2.13 Persistent vapor slug near the inlet  
section of each main channel after OFB was  
observed at a mass flux of 430 kg/m2s and a  
heat flux of 399 W/cm2 in the two-nozzle  
configuration. 
As depicted in Figure 2.14, the frequency of two-phase oscillations (TPO) is very 
high in both two configurations. Due to four nozzles shared one auxiliary channel, the 
average frequency of TPO in the present study is about 2 times lower than that in 
two-nozzle configuration at the same working conditions, in which one auxiliary only has 
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one nozzle opened to the main channel. In the present study, the order of magnitude of 
TPO is approximately 100 Hz and the highest frequency as measured is around 571 Hz 
(Figure 2.14).  












































Figure 2.14 A comparison of two-phase oscillations 
(TPO) frequency between the two configurations.  
The frequency is calculated based on the time  
interval of the bubble-growth-collapse cycle. 
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Figure 2.15 Frequency of jetting flows versus effective  
heat flux. The frequency is calculated based on the  
time interval of sequent jetting flows from one nozzle. 
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Although the frequency of TPO is much lower in this study compared to that of 
the two-nozzle configuration in similar working conditions (i.e., effective heat fluxes) 
(Figure 2.14), intense mixing induced by high frequency jetting flows is extended to the 
entire channel by integrating evenly-distributed four nozzles in each main channel (as 
indicated in Figure 2.12 (a, b)). Figure 2.15 shows the high frequency of jetting flows 
from one of the four micronozzles. Thereby, the heat transfer rate of the present study is 
comparable to that of two-nozzle configuration after OFB for mass flux of 150 kg/m2 s 
and 325 kg/m2 s; while the HTCs are lower at a mass flux of 430 kg/m2 s in the region of 
OFB. In summary, our studies show that at low mass fluxes such as 150 kg/m2 s, the 
primary enhancement mechanism is the augmented nucleate site density, particularly with 
the superheat less than 10 K. However, in high mass flux conditions, although the mixing 
has been successfully extended to the entire channel, the HTC enhancement is shown to 
be compromised due to the reduced overall two-phase oscillation frequency as well as the 
mild mixing (or even liquid detachment) as observed in the downstream in the present 
configuration. 
2.3.3 Enhanced flow boiling stabilities  
In the present study, extended intense mixing to the whole channel length can 
further reduce flow instability. Extended intense mixing of two-phase flows in the present 
study also has an effect on the flow stability in terms of wall temperature. Figure 2.16 
shows that the transient wall temperatures oscillate in a duration of 4 mins. The standard 
deviation of the present study is slightly reduced, indicating enhanced flow stabilities 
compared to the two-nozzle configuration. Our previous study of the two-nozzle 
configuration has demonstrated that flow boiling stabilities in terms of both wall 
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temperature and pressure drop were substantially improved by high frequency two-phase 
oscillations induced by jetting flows compared to microchannels with IRs [20]. In Figure 
2.16, the overall wall temperature is 134.13 ºC with a standard deviation of 0.327 in 
two-nozzle configuration. And the overall wall temperature is reduced to 126.88 ºC with 
a standard deviation of 0.324 in the present configuration.  
 
Figure 2.16 A comparison of the transient wall temperature in a  
four minutes’ duration is plotted at a mass flux of 380 kg/m2 s.  
2.3.4 Enhanced CHF  
By using high-frequency two-phase oscillation mechanism, CHF has been 
experimentally demonstrated to be significantly enhanced in the two-nozzle 
microchannel configuration [18] compared to the plain wall microchannels with IRs [20, 
25]. The present configuration aims to achieve better global liquid supply and to enhance 
local rewetting through four evenly-distributed nozzles along the side wall of main 
channel. Noticeable enhancement of CHF has been achieved as illustrated in Figure 2.17. 
The enhancement is up to ~35% at a low mass flux of 200 kg/m2 s, and then drops to ~10% 
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at a higher mass flux of 600 kg/m2 s.  
 
Figure 2.17 Enhancement of CHF is achieved in the present  
study compared to two-nozzle microchannels [18]. 
In Figure 2.18, the enhanced liquid supply in the present configuration at a mass 
flux of 600 kg/m2 s at heat flux of 608 W/cm2 and 572 W/cm2, respectively, is visualized 
and compared with the two-nozzle configuration [18]. The present configuration can 
enable the continuous global liquid supply with the high frequency jetting flows from 
auxiliary channels (Figure 2.18(a-c)). The increased number of nozzles can maintain 
sustainable liquid supply to the entire channel at high work heat flux. This is different 
from the persistent vapor slug near inlet section of main channel in the two-nozzle 
configuration [18], leading to CHF conditions (Figure 2.18(d)). Equally important, the 
local surface rewetting in the present configuration is significantly improved. For 
example, Figure 2.19 shows the local surface dryout and rewetting process near CHF 
conditions at a mass flux of 180 kg/m2 s associated with a heat flux of 264 W/cm2. The 




Figure 2.18 Enhanced global liquid supply in the  
present study compared to two-nozzle  
configuration at a mass flux of 600 kg/m2 s. The 
heat fluxes are 608 W/cm2 and 572 W/cm2,  
respectively. (a-c) Liquid supply can be  
efficiently supplied to the main channel through 
jetting flows at four nozzles when the inlet 
section of main channel is blocked by the vapor 
slug. (d) Only small area near the nozzle is  
rewetted by the jetting flows in the two-nozzle  
configuration microchannel.  
(All scale bars are 200 μm) 
However, we observed that the two-phase oscillations and jetting flow in the 
downstream are not as strong and frequent as these in the upstream at higher mass 
velocity as illustrated in Fig. 5 and Fig. 6 in the part (I) of this study. Figure 2.17 shows 
that the CHF enhancement decreases with increasing mass velocity. The enhancement 
drops to ~10% at a mass flux of 600 kg/m2 s. The main reason is that the increased inertia 
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of oncoming flow would suppress the two-phase oscillations in auxiliary channels, 
resulting in degraded liquid supply in the downstream of main channel. At the same mass 
fluxes, the fluid flow in auxiliary channel is higher than that of the two-nozzle 
configuration microchannel owing to the augmented area because of the increased 
openings of micronozzle. To conclude, the four-nozzle configuration can enhance global 
liquid supply and local rewetting effectively and is primarily responsible for the increased 
CHF in the present study compared to the two-nozzle configuration [18]. 
 
Figure 2.19 The surface dryout and rewetting  
process was observed at a mass flux of 180  
kg/m2 s and a heat flux of 264 W/cm2.  
(scale bar is 100 μm) 
2.4 Conclusions 
Our previous study of the two-nozzle configuration [18] has demonstrated the 
enhanced heat transfer performance owing to intense mixing induced by two-phase 
oscillations and jetting flows. The effect of two-phase oscillations and jetting flow in 
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generating two-phase flow mixing in microchannels is experimentally studied in an 
improved microchannel configuration. In this study, heat transfer performance is further 
enhanced due to extended intense mixing induced by four evenly-distributed nozzles. The 
enhanced CHF with reduced pressure drops in the present configuration has been 
experimentally studied. Meanwhile, nucleation is substantially enhanced because of 
increased nucleation sites, particularly under the low superheat and low mass velocity 
conditions. The main conclusions are summarized below: 
• Mixing is extended to the entire channel. 
• An enhancement of overall HTCs up to ~123% is achieved at a mass flux 
of 150 kg/m2 s. The enhancement of overall HTCs decreases to ~20% at a 
moderate mass flux of 325 kg/m2 s. To fairly compare the enhanced 
mechanism, local HTCs are examined. As shown in Figure 2.10, an 
enhancement of ~67% is achieved at a mass flux of 430 kg/m2 s due to 
enhanced nucleate boiling, which is consistent with the 14% lower ONB 
over the two-nozzle configuration.  
• Local HTCs curves are converging during fully developed boiling. 
Meanwhile, effect of two-phase mixing decreases with the increase of exit 
vapor quality.  
• Flow boiling stability in terms of wall temperature fluctuations is slightly 
increased. 
• The total pressure drop and frictional pressure drop are significantly 
reduced compared to the two-nozzle configuration. The reduction of 
frictional pressure drop is mainly caused by the increased bypasses owing 
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to the integration of auxiliary channels and by the enhanced pumping 
effect because of management of bubble confinement enabled by rapid 
bubble collapse in the entire channel. 
• The flow in terms of pressure drop becomes more stable.  
• CHF has been significantly enhanced compared to the two-nozzle 
configuration with the improved liquid supply. In addition, we observed 
that such an enhancement degrades with the increase of mass velocity. 
• Enhanced Flow Boiling in Microchannels by Coupling Multiple 















CHAPTER 3 ENHANCED FLOW BOILING IN MICROCHANNELS 
BY COUPLING MULTIPLE MICRONOZZLES WITH REENTRY 
MICROCAVITIES 
In this study, we proposed an improved microchannel configuration as 
schematically illustrated in Figure 3.1(a). Four evenly-distributed micronozzles are 
designed to generate jetting flows to rapidly crack bubbles in the main channels aiming to 
improve the global liquid supply of the main channel. Microscale reentry cavities, which 
target at enhancing nucleate boiling, inducing highly deserved capillary flows, are also 
integrated on the main channel sidewalls. Simultaneously, mixing generated by high 
frequency two-phase oscillations can be extended to the entire channel through the 
proposed multiple-nozzle configuration. As a result of the rapid collapse of confined 
bubbles, two-phase flow instabilities and two-phase pressure drop due to the bubble 
confinement can be well managed. With the improvement of liquid supply at both local 
and global levels, a significant delay of CHF crisis can be expected in the present 
microchannel configuration with a reduced two-phase pressure drop. HTC would be also 
substantially enhanced, considering the enhanced nucleate boiling and the thin film 
evaporation enabled by the cavity array, and the extended mixing range resulting from 
multiple-nozzles. 
3.1 Designs of device 
A microdevice was fabricated on a 500 μm thick silicon wafer. The dimensions 
(length × width × depth) of the five main channels, auxiliary channels, and restrictors are 
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10 mm × 200 μm × 250 μm, 8 mm × 60 μm × 250 μm, and 400 μm × 20 μm × 250 μm, 
respectively. To achieve a more compact design, two neighboring main channels share an 
auxiliary channel. Four converging micronozzles with a 20 μm throat are 
evenly-distributed along the channels at a pitch of 2 mm. Microscale inlet restrictors were 
fabricated to trap bubbles and guide the direction of bubble expansion in the main 
channel. Figure 3.1 shows the geometry configuration of the present microchannels 
compared to four-nozzle configuration. An aluminum film resistor (10 mm×2 mm×1.2 
μm) was deposited on the backside of the chip to provide uniform heat flux and to serve 
as a thermistor to measure wall temperature. A 500 μm thick Pyrex glass wafer was 
bonded to the silicon substrate to seal the channels and form a window for visualization. 
Deionized (DI) water at room temperature was used as the working fluid. Further details 
of fabrication processes and experimental details have been discussed in our previous 
studies[18, 114].  
 
Figure 3.1 Geometry configuration of the  
present microchannels.  




Figure 3.2 Concept and structure of the microchannel with  
integrated multiple microscale nozzles and reentry cavities.  
(a) Improved global liquid supply to main channels through  
auxiliary channels via nozzles, the bubbles nucleate from  
nozzles and cavities, and local liquid spreading by microscale 
reentry cavity-induced capillary flows. (b) SEM  
(Scanning Electron Microscope) image of a top view of the 
main channel integrated with embedded reentry cavities  
(cavity dimensions: diameter = 30 μm, opening =6 μm,  
distance = 100 μm). (c) SEM of a micronozzle from aerial  
view of 45o, which connects both auxiliary and main  
channels. (d) SEM of two reentry cavities inside the  
sidewall. (All scale bars are 40 μm). 
3.2 Results and discussion 
Using the results in the two-nozzle configuration[18, 114] as a baseline, Figure 
3.3 summarizes the major enhancements resulting from this study. Figure 3.3(a) shows 
that a peak CHF of 1016 W/cm2 is obtained at a moderate mass velocity of 680 kg/m2 s, 
meaning a ~63% enhancement compared to the baseline at a mass velocity of 750 kg/m2 
s [25]. Considering the pumping power budget, the CHF enhancement is more significant, 
approximately 95% higher for a given pressure drop, as illustrated in Figure 3.3(b). 
Figure 3.3(c) shows that a sustained HTC of 131 kW/m2 K at a mass velocity of 680 
kg/m2s is achieved, 30% higher than that at a mass flux of 1350 kg/m2 s on the baseline 
near CHF conditions[18, 114]. At a mass velocity of 430 kg/m2 s, HTC in present 
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configuration is ~59% higher than that from the baseline. Note that pressure drop either 
in single phase or two-phase flow regimes is also drastically reduced in the present 
configuration compared to the baseline as illustrated in Figure 3.3(d). For example, the 
two-phase pressure drop can be reduced by approximately 55% at a mass velocity of 430 
kg/m2 s and a heat flux of 518 W/cm2. The exit vapor quality in the present configuration 
remains higher than that from the baseline with the mass velocity increasing. Particularly, 
the exit vapor quality at the peak CHF value in the present configuration is 0.457, which 
is more than 2.5 folds higher than that in the two-nozzle one, indicating a significantly 
higher portion of phase change heat transfer contribution near CHF conditions. 
 
Figure 3.3 Comparisons of flow boiling performances between the  
present microchannel configuration and the two-nozzle one in our 
previous studies. (a) A significant enhancement of CHF is 
obtained with higher mass velocity (The error of CHF is ~0.2%). 
(b) CHF enhancement becomes more significant with increasing  
pressure drop. (c) Average HTC by considering base area is  
substantially enhanced compared to previous two-nozzle  
microchannels. An enhancement of ~59% is achieved at a mass 
flux of 430 kg/m2 s, respectively. (d) Drastically reduced pressure 




Figure 3.4 Working mechanisms of micro-cavities and  
multiple-nozzles. (a-d) Enhanced nucleation at a heat flux  
of 121 W/cm2 and a mass velocity of 750 kg/m2 s.  
(e-h) Periodic jetting flow at a frequency of 111 Hz from 
microcavities at a heat flux of 403 W/cm2 and a mass  
velocity of 325 kg/m2 s near CHF conditions in outlet  
section (refer Movie 2). (All scale bars are 100 μm). 
In our visualization study, three primary enhancement mechanisms have been 
identified in the present study. First, as illustrated in Figure 3.3, nucleate boiling is 
significantly enhanced in both low and high heat flux working conditions. At a heat flux 
of 121 W/cm2 and a mass velocity of 750 kg/m2 s, the whole bubble nucleation, growth, 
and collapse process from the designated reentry cavities and microscale nozzles were 
directly visualized and illustrated in Figure 3.4(a-d). As a result, explosive boiling can be 
well managed by the stable bubble growth-collapse process at low heat flux conditions, 
leading to a significant delay of premature CHF crisis. As heat flux further increases to 
403 W/cm2 at a mass velocity of 325 kg/m2 s, nucleate boiling can be still enhanced and 
favorably induces jetting flows at a frequency of 111 Hz owing to the fast bubble 
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growth-collapse process (Figure 3.4(e-h)). The enhanced nucleate boiling can relief the 
two-phase flow instabilities resulting from the explosive boiling and hence, contribute to 
enhanced heat transfer rate and delay CHF. 
 
Figure 3.5 Enhancement of global liquid supply and mixing 
by a combination of auxiliary channel and reentry cavities 
in the present study. (a) Liquid was supplied through  
jetting flows in auxiliary channels when main channels were 
blocked by vapor slugs at a heat flux of 375 W/cm2 and 
a mass velocity of 325 kg/m2 s. (b) Limited mixing and  
insufficient liquid supply in two-nozzle microchannels [18]  
at a heat flux of 399 W/cm2 and a mass velocity of 430  
kg/m2 s. (c) Strong mixing and global liquid supply in the 
present design at a heat flux of 791 W/cm2 at a mass  
velocity of 600 kg/m2 s. (All scale bars are 100 μm). 
The second critical enhancer is the four evenly-distributed micronozzles that 
substantially improve the global liquid supply in the main channel. Figure 3.5(a) shows 
that coolant can be pumped into the main channels as high frequency jetting flows 
through micronozzles once the main channels are blocked by vapor slugs. However, as a 
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comparison, Figure 3.5(b) shows that rewetting is limited in the two-nozzle microchannel, 
especially near the middle of the main channel where there is a significant dryout 
developed in the upstream channel substrate. Hence, more micronozzles can improve 
global liquid supply compared to the two-nozzle configuration. The main reason is that 
the bypass created by auxiliary channels and four-nozzle configuration enables liquid 
supply to the entire main channel, especially near outlet areas that are usually prohibited 
in traditional microchannel systems. As a result, global liquid supply along the channel 
has been achieved in the present configuration.  
 
Figure 3.6 Enhanced local liquid spreading enabled by  
the microcavitiy-induced capillary flows (refer Movie 3). 
(a) Three wet cavities are labeled. (b-c) Thin liquid film  
became thinner and one cavity dryout. Partial dry-out in  
the main channel. (d) Complete dry-out in the main  
channel. The #1 and #2 cavity dryout. (e) Jetting flow  
from auxiliary channel and #3 cavity dryout. (f) The  
surface and cavity are rewetted by jetting flow in the  
main channel. The local liquid spreading is at a  
frequency of around 67 Hz under a heat flux of  
131 W/cm2 and a mass velocity of 250 kg/m2 s.  
(Scale bar is 100 μm). 
However, with an improved global liquid distribution, the local dryout still cannot 
be fully prevented. Due to the vigorous evaporation under high heat flux condition, it is 
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extremely challenging to timely rewet the high temperature surfaces, especially around 
the outlet region. To solve this problem, microscale cavities have been integrated into the 
microchannels to delay local dryout, as shown in Figure 3.6.  
With this design improvement, highly desirable thin liquid films can be formed 
and refreshed on the sidewalls with a high frequency, e.g., ~67 Hz under a heat flux of 
131 W/cm2 and a mass velocity of 250 kg/m2 s. Because of this effect, the periodic local 
dry spots can be timely rewetted, leading to an effective management of local dryout. 
Microcavities-induced capillary flows are the primary mechanism to form and sustain the 
thin liquid film under high heat flux working conditions, as illustrated in Figure 3.6(c). 
Another interesting phenomenon is that the liquid left inside microcavities can delay the 
dryout process, which is clearly highlighted in Figure 3.6. As shown in Figure 3.6(e), 
even the bottom wall is fully dryout, many cavities are still filled with liquid and 
remained wet. Besides its capability in enhancing nucleate boiling, generating and 
sustaining thin liquid film, the group of cavities also serves as liquid reservoir to delay 
CHF. The gradually cavity drying out process can be also evidenced by the heat transfer 
curve at the mass flux of 680 kg/m2s, where the HTC approaching CHF conditions is not 
reduced sharply, instead it slightly drops to 109 kW/m2 K from a relatively stable value of 
131 kW/m2 K as illustrated in Figure 3.3(c).   
These three primary enhancers can also explain the enhanced HTC since all three 
major heat transfer modes such as nucleate boiling, advection resulting from mixing, and 
thin film evaporation have been significantly enhanced. Compared to the two-nozzle 
configuration, pressure drop is further reduced owing to enhanced pumping effect 
resulting from enhanced bubble growth-collapse process as well as additional effective 
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flow area from the longer auxiliary channels [89].  
3.3 Conclusion 
In conclusion, the present microchannel configuration through integrating 
multiple micronozzles and reentry cavities has been demonstrated to drastically enhance 
flow boiling at a reduced mass velocity. The continuous rewetting and sustainable global 
liquid supply have been substantially promoted by generating high frequency jetting 
flows through four evenly-distributed micronozzles. Equally important, the capillary 
flows induced by the microcavities can form and sustain thin liquid film on the sidewall 
to effectively manage local dryout. Highly efficient heat transfer modes including 
nucleate boiling, thin film evaporation, and convection have been successfully promoted 
as well, resulting highly efficient flow boiling heat transfer. All these enhancements have 
been obtained passively without elevating pressure drop. The present microchannel 












CHAPTER 4 ENHANCED FLOW BOILING IN MICROCHANNELS 
BY COUPLING MULTIPLE MICRONOZZLES WITH REENTRY 
MICROCAVITIES ON HFE-7100 
In this study, experiments are conducted on the same device in our previous study 
[77] to investigate the flow boiling performances of HFE-7100 at room temperature. 
Enhanced CHF can be expected in this improved microchannel configuration with the 
improvement of global and local liquid supply. HTC would be also significantly 
increased by enhancing nucleate boiling, thin film evaporation, and mixing enabled by 
the cavity array and multiple-nozzles. Two-phase pressure drop would be reduced with 
well managed bubble confinement. 
4.1 Design and experimental procedures 
4.1.1 Challenges of HFE-7100 flow boiling in microchannels 
Various forces acting on liquid-vapor interface, including inertia, surface tension, 
shear, buoyancy, and evaporation momentum forces, have significant effects on 
two-phase flow and heat transfer. Our previous study [109] has analyzed forces acting on 
a liquid-vapor interface. In this study, simplified equations are adopted from that study 
[109] to calculate these forces.  
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. In above equations, is the surface tension, θ is the contact angle, 
D is the relevant dimension (D=Dh). u is average fluid velocity.  1v l        is 
the fluid average density, where α is the void fraction. More details about aforementioned 
equations can refer to our previous study [109].  
















































Figure 4.1 Magnitudes of major forces in microchannel 
on water and HFE-7100. 
Figure 4.1 compares shear force, surface tension force and inertia force on water 
and HFE-7100 at different mass fluxes. The surface tension force and inertia force of 
HFE-7100 are lower than those of water. However, the shear force of HFE-7100 is higher 
than that of water due to its large dynamic viscosity. Figure 4.1 also indicates that the 
inertia and shear force increase with increasing mass flux. Surface tension force is 
dominant at relatively low mass fluxes, but surpassed by inertia force with mass flux 
increasing. The higher surface tension force and inertia force can facilitate formation of 
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thin liquid film and enhance rewetting. Hence, the flow boiling performances on water 
outperform that on HFE-7100. Various forces of HFE-7100 can be increased by changing 
its working temperature.  



















































Figure 4.2 Effects of inlet temperature of 25 oC and  
-30 oC on major forces in microchannel on HFE-7100. 
Decreasing coolant temperature can delay the onset of boiling, reduce bubble size 
and coalescence effects, leading to enhanced CHF [57]. The vapor flow reversal can be 
suppressed by decreasing coolant temperature. Table 4.1 has summarized the variation of 
thermophysical properties of HFE-7100 due to decrease of coolant inlet temperature. 
Figure 4.2 compares the variation of forces induced by the change of inlet temperature. 
The coolant precooled to -30 oC can significantly increase surface tension force and shear 
force by ~34% and ~106%, respectively, compared those at room temperature. The 
inertia force is reduced by ~8% due to the increase of density. The enhanced surface 
tension force and shear force can promote the formation of durable thin liquid film and 
enhance rewetting. Enhanced shear force also promote homogenous distribution of liquid 
[109]. As the result, a high CHF value of ~700 W/cm2 was achieved by Lee and 
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Mudawar [57] with coolant pre-cooled to -30 ˚C.  
Also, the stability of thin liquid film is affected by surface tension force. The 











 [115], where A=A11-A12 and Aij is 
Hamaker’s constant. The film would be more stable when c  . The increase of  can 
lead to a larger c . Therefore, thin liquid film is more stable with the precooled coolant 
owing to larger . 
Enhanced capillary effect could be an effective approach to enhance flow boiling 
performances of HFE-7100 besides decreasing temperature. Enhanced capillary effect 
can facilitate the liquid spreading on the heating surface, forming durable thin liquid film. 
Enhancements of flow boiling performances have been achieved owing to enhanced 
capillary effect in our previous study on water [77]. However, it is extremely challenging 
to enhance surface tension in flow boiling on HFE-7100 at room temperature. Our 
previous study [109] has demonstrated that the surface tension force is significantly 
enhanced by reducing the contact angle through the integration of nanowires in 
microchannels compared to plain wall microchannels on water. Nanowires can generate 
an order of magnitude higher capillary pressure than a plainwall does. As a result, HTC is 
drastically increased in nanowire microchannels on both water [109] and HFE-7000 [55]. 
However, the CHF enhancement is insignificant, or even negative at high mass flow rate 
[55]. Although HFE-7100 is a highly wetting fluid with nearly zero contact angle on all 
types of surfaces, it is very difficult to sustain a continuous thin liquid film on the heating 
surface due to low surface tension. In this study, enhanced capillary pressure induced by 
microcavities fabricated along the sidewall of each main channels can compensate the 
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low surface tension of HFE7100. 
Table 4.1 Summary of thermophysical properties of HFE-7100 
 µ (kg/m s) σ (mN/m) cp (kJ/kg K) ρ (kg/m3) 
T= -30 oC 8.5 × 10-4 18.2 1073 1606 
T= 25 oC 3.8 × 10-4 13.6 1133 1481.6 
Vapor (61 oC) 2.7 × 10-4 N/A N/A 10.535 
4.1.2 Design and fabrication of microchannel devices 
Enhanced capillary effect can compensate the low surface tension of HFE-7100 to 
increase liquid spreading. Our previous study of multiple jets microchannels with reentry 
cavities (in Figure 4.3) has demonstrated enhanced HTC and CHF on water owing to 
enhanced capillary effect [77]. Enhanced HTCs have been achieved by enhancing 
capillary effect through integration of reentry cavities [56] and nanowires [55] in 
microchannels. High density reentry cavities fabricated along the side wall of 
microchannel can enhance capillary effect, which can promote the liquid spreading and 
favor formation of thin liquid film. The improved liquid spreading under enhanced 
capillary effect can boost nucleate boiling and promote thin film evaporation. Hence, 
HTC is expected to be improved on HFE-7100. On the other hand, enhanced CHF can be 
also achieved by improving liquid supply at global level on HFE-7000 through 
evenly-distributed multiple micronozzles. The current improved configuration as shown 
in Figure 4.3 has been demonstrated to effectively improve global liquid supply on water 
[77].  
A tested device of the improved design (in Figure 4.3) was fabricated to 
experimentally investigate the flow boiling performances of HFE-7100. The tested device 
consists of five parallel main channels. The dimensions (length × width × depth) of the 
main channels, auxiliary channels, and restrictors are 10 mm × 200 μm × 250 μm, 8 mm 
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× 60 μm × 250 μm, and 400 μm × 20 μm × 250 μm, respectively. To enhance liquid 
distribution, four micronozzles were fabricated evenly along the channels at a pitch of 2 
mm. Converging nozzles with 20 μm throat were fabricated in the auxiliary to generate 
jetting flows. The effect of cavity size on the onset of bubble nucleation and nucleate 
boiling have been investigated [116, 117]. In this study, to significantly enhance nucleate 
boiling, reentry cavities (cavity dimensions: diameter = 30 μm, opening =6 μm, distance 
= 100 μm) were fabricated on side walls of main channels. More information about the 
design are detailed in our previous study [77].  
 
Figure 4.3 Structure and dimensions of microchannels.  
(a-e) Configuration of the present microchannels [77].  
(f) Configuration of four-nozzle microchannels  
[75, 76] (All scale bars are 40 μm). 
Before etching processes on topside of the chip, thin metal film resistor (10 mm × 
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2 mm) made of 1.2 μm thick of aluminum was deposited on the backside of the chip to 
generate uniform constant heat flux. Micro-resistor also serves as thermistor to measure 
the average temperature of heater. After etching processes, anodic boiling was applied to 
bond a 500 μm thick Pyrex glass wafer to a 500 μm thick silicon wafer substrate. 
Visualization study can be carried out through the glass window as well. 
4.1.3 Measurements 
A test system as illustrated in our previous study [18] was used to collect 
experimental data in this study. Major components of the experimental setup include an 
optical imaging system, a data acquisition unit, and an open coolant loop. A pressurized 
tank was used to supply HFE-7100, which was degassed prior to tests and pumped by 
compressed nitrogen (N2). Two pressure transducers acquiring the inlet and outlet 
absolute pressures were used to derive pressure drops. The flow rate was measured and 
controlled by a mass flow meter of Krohne Optimass 3300c with a ± 0.1% resolution 
(density with ± 2 kg/m3). The average temperature on the heater was derived by 
pre-calibrating the electric resistance of micro-heater as a linear function of working 
temperature. The inlet and outlet fluid temperatures were monitored by two K-type 
thermocouples. Electrical power was supplied by a high precision digital programmable 
power supply (BK-PRECISION XLN10014). Flow rate, local pressure, inlet and outlet 
temperature, and voltage and current were collected by an Agilent 34972A data 
acquisition system and recorded by a customized data acquisition system developed from 
NI LabVIEW®. A visualization system comprised of a high-speed camera (Phantom V 
7.3) and an Olympus microscope (BX-51) with 400× amplifications was used to study 
the bubble dynamics and two-phase flow structures. All measurements were carried out at 
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1 atm ambient pressure and room temperature of ~18 °C. 
4.1.4 Uncertainty analysis 
The measurement uncertainties of flow rate, pressure, voltage, current, 
temperature, and microfabrication resolution are ±0.1%, ±1.5%, ±0.5%, ±0.5%, 
±1 oC, and 3 µm, respectively [25]. Uncertainty propagations were calculated using 
methods developed by S. J. Kline and F. A. McClintock [118]. Uncertainties of the present 
CHF, overall HTC, and pressure drop have been estimated to be less than ±2 W/cm2, 
±1.6 kW/m2k, 1.2 kPa, respectively. 
4.2 Results and discussions 
4.2.1 Flow boiling curves 












































Figure 4.4 The boiling curves of the present study. 
Figure 4.4 shows s-shaped boiling curves of the present study on highly wetting 
HFE-7100. Boiling hysteresis is obvious on HFE-7100. The slopes of boiling curves are 
very small in the temperature excursion region. It is clearly observed that the wall 
superheats drop sharply after the ONB as the further increase of heat fluxes. For example, 
the wall temperature overshoot is 50 K at a low mass flux of 231 kg/m2s, and then it 
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drops to 12 K. Boiling hysteresis is the main reason for the temperature overshoots. 
Figure 4.4 also shows that the temperature overshoots decrease with the increase in mass 
fluxes. The delayed boiling incipience would deteriorate the heat transfer rate in single 
phase region. More discussion on boiling hysteresis is presented in next section. 
 
Figure 4.5 Overall HTCs based on the  
heating area versus (a) effective heat  
flux and (b) superheat are plotted. 
To evaluate the boiling heat transfer performance, overall HTCs based on the 
heating area are calculated and plotted versus effective heat flux and superheat in Figure 
4.5. The results show the overall HTCs ranging from 11 kW/m2 K to 256 kW/m2 K 
gradually decline with the increase of effective heat fluxes and superheats. Besides 
overall HTCs, HTCs considering all effective heat transfer areas termed as effective 
HTCs are also estimated. The effective HTCs versus effective heat fluxes and exit vapor 
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qualities are plotted in Figure 4.6. The effective HTCs are ranging from 6 kW/m2 K to 
117 kW/m2 K. For mass flux ranging from 231 kg/m2s to 1155 kg/m2s, the exit vapor 
quality varies from 0.4 to 1. Both Figure 4.5 and Figure 4.6 have demonstrated that heat 
transfer rate declines with the increase of effective heat flux, superheat and exit vapor 
quality. The main reason shall be the occurrence and development of local dry-out 
starting from the outlet section, which deteriorates the boiling performances. 
 
Figure 4.6 Effective HTCs considering fin  
efficiency versus (a) effective heat flux and 
(b) exit vapor quality are plotted.  
The analysis of forces acting on liquid-vapor interface is conducted to explain the 
HTC trends. Figure 4.7 shows the comparison of major forces of HFE-7100. The 
evaporation momentum and shear force are much smaller than inertia and surface tension 
force. However, evaporation momentum and shear force have a significant effect on flow 
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boiling heat transfer performances. Our previous study has discussed the influences of 
major forces acting on liquid-vapor interface on HTC [109]. Shear force can maintain the 
liquid thin film and promote thin film evaporation. However, evaporation momentum 
force is dominant over shear force at all the working conditions. In Figure 4.7, the 
evaporation momentum force also increases with the increase of heat fluxes. The increase 
of evaporation momentum force against inertia force would lead to serious reversal vapor 
flow. Channel rewetting would be prevented by the vapor flow reversal near CHF 
conditions. Therefore, local dry-out occurs and HTCs are drastically reduced in Figure 
4.6. Our previous study has demonstrated that the decrease trend of HTCs is induced by 
local dry-out as the further increase in evaporation momentum force on water [109].  














































Figure 4.7 Effect of heat flux on major forces in  
microchannelduring boiling process. (The bubble  
diameter is 100 µm on HFE-7100 for the calculation of  
buoyancy force) 
4.2.2 Boiling hysteresis 
Large temperature overshoots have been observed in Figure 4.4. The possible 
reason is the boiling hysteresis of highly wetting fluids [119, 120]. Boiling hysteresis is 
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highly affected by flow conditions and heating surface topologies. For example, Figure 
4.8 shows the variations of boiling incipience temperature in three microchannels with 
different surface conditions. The integration of micronozzles and reentry cavity would 
result in a larger superheat excursion compared to plain wall microchannels. The 
superheat excursion is also greatly affected by the mass fluxes in engineered 
microchannels. In plain wall microchannels, superheat excursion is not significantly 
influenced by mass flux, as shown in Figure 4.8. Particularly, high temperature overshoot 
was observed due to introduction of artificial reentry cavity in previous studies [56]. In 
this study, the surface superheats at initiated boiling is around 50 K at a low mass flux of 
231 kg/m2s, and then it decreases with the increase of mass flux, while boiling incipience 
surface superheats of plain wall microchannels are much lower. 
The boiling hysteresis is also closely related to the activation of vapor embryo in 
artificial reentry cavity [120]. On conventional working fluid of water, the vapor embryo 
is easily trapped and held inside the cavity due to the high surface tension and large 
advancing contact angle. The onset of bubble nucleation occurs at a low heating surface 
superheat. In contrast, boiling hysteresis accompanied with high superheat is very 
common for highly wetting fluid owing to the deactivation of vapor embryo in artificial 
cavities. The low surface tension and the resulted small contact angle makes dielectric 
fluids super-wetted and refill the cavity more effectively. Consequently, it becomes more 
difficult to trap the vapor embryo, requiring a higher surface superheat to initiate ONB as 
observed in the present study (Figure 4.8). 
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Figure 4.8 Wall temperature of three different  
microchannels. 
4.2.3 Enhanced HTC 
Figure 4.9 shows the overall HTCs based on the heating area versus effective heat 
flux and wall superheat. The results indicate that significant enhancement has been 
achieved in the present design compared to the four-nozzle configuration [75, 76]. A high 
overall HTC of 265 kW/m2 K is achieved at a mass flux of 1155 kg/m2s. At a mass flux 
of 462 kg/m2s, ~195% and ~110% enhancements are achieved for a given effective heat 
flux and wall superheat, respectively (Figure 4.9(a, c)). As the mass flux increases to 693 
kg/m2s, the enhancement drops to ~76%. Figure 4.9(c, d) also indicates that the ONB of 
the present design is much smaller than that of four-nozzle microchannels at different 





Figure 4.9 Significantly enhanced overall HTC based on heating area is  
achieved in the present study compared to the four-nozzle microchannel 
configuration [76]. (a, b) Overall HTC versus effective heat flux, 
(c, d) overall HTC versus wall superheat. 
By considering the fin effect, Figure 4.10 shows that the effective HTCs are much 
smaller than overall HTCs (in Figure 4.9) due to larger effective heat transfer areas. The 
enhancement of effective HTC is ~208% at an exit vapor quality of ~0.7 compared to 
four-nozzle configuration for a mass flux of 462 kg/m2 s. Figure 4.10(c, d) also indicates 
that the exit vapor qualities of the present study are significantly higher than that of the 
four-nozzle configuration. As shown in Figure 4.10(c), the exit vapor quality can 
approach nearly 1, indicating a complete vaporization of coolant and a superior design of 
liquid supply mechanism realized in the present configuration. The higher working heat 
fluxes (Figure 4.10(a, b)) lead the larger exit vapor qualities for the same mass fluxes. 
The effective HTCs at CHF conditions are higher than that of four-nozzle configuration, 




Figure 4.10 Significantly enhanced effective HTC is achieved in the present  
study compared to four-nozzle microchannel configuration [76]. (a, b) HTC 
versus effective heat flux, (c, d) HTC versus exit vapor quality. 
The enhanced effective HTC can be a result of combined effects of enhanced 
three major heat transfer modes such as nucleate boiling, advection resulting from mixing, 
and thin film evaporation. Previous studies have demonstrated that the introduction of 
reentry cavities would considerably enhance the HTC on both water and HFE-7000 
owing to the increased nucleation sites [31, 56]. Therefore, enhanced nucleate boiling is 
the primary reason for the significant enhanced HTCs as shown in Figure 4.9 and Figure 
4.10 and will be discussed in detailed. Additionally, enhanced mixing is another factor 
leading to the enhanced HTC as well. Strong mixing can be induced by the high 
frequency jetting flow and two-phase oscillations in main channels. The third factor 
affecting the HTC is the improved thin film evaporation induced by enhanced capillary 
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effect, which can maintain the thin liquid film along the side wall surface. 
 
Figure 4.11 Enhanced bubble nucleation after 
ONB in the present configuration  
microchannels. The bubble departure/removal  
frequency is ~400 Hz from the microcavity with a  
diameter of ~100 µm at a heat flux of 58 W/cm2 
and a mass flux of 462 kg/m2s in the present study.  
(Scale bar is 200 µm) 
Enhanced nucleate boiling is the primary enhancement mechanism of HTC. 
Compared to the four-nozzle microchannels, a large number of reentry cavities were 
fabricated along the sidewall of channel to drastically increase the nucleation sites. The 
nucleation sites density N𝐴 is ~4000 sites/cm
2 in the present design. But the active site 
density is much smaller than 4000 sites/cm2 in the boiling process according to study 
conducted by Kuo et al. [121]. The active nucleation sites are considerably enhanced by 
fabricating high density of reentrant cavity. For example, the active N𝐴 of reentrant 
cavity microchannels is ~400 sites/cm2 at a superheat of 20 K and a mass velocity of 166 
kg/m2 s on water. It is 5 times higher than ~80 sites/cm2 predicted by a model based on 
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smooth wall copper microchannels [117, 122] under the same working conditions. 
 
Figure 4.12 Bubble nucleation after ONB in  
four-nozzle configuration microchannels: The bubble 
departure frequency is ~1000 Hz from the 
micronozzle with an average diameter of ~150 µm 
at a heat flux of 25 W/cm2 and a mass flux of  
462 kg/m2s in four-nozzle microchannels  
[75, 76, 89]. (Scale bar is 200 µm)  
In this study, increased active nucleation sites were observed using high speed 
camera, as shown in Figure 4.11. 8 active nucleation sites were identified from the 
sequential images with a resolution of 798×188. The active nucleation site density is 
~1550 sites/cm2, 14 times higher than ~110 sites/cm2 of the four-nozzle microchannel 
configuration (in Figure 4.12) at a mass flux of 462 kg/m2s. The active NA of 
microchannel with reentrant cavity is ~900 sites/cm2 at a mass flux of 302 kg/m2s [121]. 
Most microcavities and each micronozzle can work as the active nucleation site in the 
present design. However, most of the bubble nucleation occurs in the micronozzles in the 
four-nozzle microchannels under the same mass flux. In Figure 4.11, vapor slug is formed 
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by bubble coalesces. The bubble departure frequency from microcavity is ~400 Hz with a 
diameter of ~100 µm. In contrast, Figure 4.12 shows individual bubble from 
micronozzles. The bubble departure frequency from the micronozzle is ~1000 Hz with an 
average diameter of ~150 µm. The increased number of active nucleate sites can 
favorably enhance nucleate boiling. As a result, the boiling performance in terms of HTC 
is significantly enhanced, as shown in Figure 4.9 and Figure 4.10. Similar techniques 
such as nanowires can also drastically increase the active nucleation sites, leading to high 
HTC [55]. 
 
Figure 4.13 Enhanced mixing is achieved by high 
frequency two-phase oscillation and jetting flow 
at heat flux of 41 W/cm2 and mass velocity of 
231 kg/m2 s. The two-phase oscillation  
frequency is ~76 Hz. And the frequency of jetting 
flow is ~ 167 Hz. (Scale bar is 100 µm) 
Our previous study [77] has demonstrated that mixing can be enhanced by high 
frequency two-phase oscillations and jetting flows on water. In this study, two-phase 
77 
 
oscillations induced by the growth-collapse process of confined bubble are limited. The 
main reason is that the evaporation momentum force is much smaller than the inertia 
force compared to that of water, as shown in Figure 4.7. Two-phase oscillations only 
occurred at a low mass flux of 231 kg/m2 s, as shown in Figure 4.13. Two-phase 
oscillations and jetting flows are presented in Figure 4.13 at a heat flux of 41 W/cm2 and 
a mass velocity of 231 kg/m2 s. The two-phase oscillation frequency is ~76 Hz. And the 
frequency of jetting flow is ~167 Hz. The frequency of jetting flows from micronozzles is 
comparable to that on water. Hence, enhanced mixing can be also achieved by high 
frequency jetting flows, leading to higher heat transfer rate. 
The surface tension force of HFE-7100 is much smaller than that of water as 
illustrated in Figure 4.1. It is difficult to maintain the thin liquid film during boiling 
process in conventional microchannels. In this study, enhanced capillary pressure is 
achieved owing to the high density of microcavities along the side walls. It can 
compensate the low surface tension to sustain liquid on the side wall surfaces. The 
capillary pressure is ~1.8 kPa induced by the microcavity with a diameter of 30 µm. 
Liquid can be rapidly pumped into the cavity. On the other hand, sustainable local liquid 
spreading can also keep cavities active and hence, enhance nucleate boiling as well. More 
importantly, the microcavities-sustained thin liquid film can promote highly desirable 






Figure 4.14 Significant enhancement 
of CHF in the present study. (a)  
An enhancement of ~70% is  
achieved compared to plain wall  
microchannels with IRs [20].  
(b) An enhancement of ~27% is  
achieved compared to four-nozzle  
microchannels [75]. (c) An  
enhancement of ~57% is achieved  
compared to reentrant cavity  
microchannels [56]. 
4.2.4 Enhanced CHF 
In this study, the enhanced mechanisms of CHF on water reported in our previous 
study [77] are examined on HFE-7100. The comparisons in Figure 4.14 show that a 
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significant enhancement of CHF is achieved on the present configuration compared to 
other three microchannel configurations, including microchannels with IRs [20], 
four-nozzle microchannels [89] and microchannels integrated with reentrant cavities [56]. 
The results in Figure 4.14(a) show that a CHF value of 216 W/cm2 is achieved at a mass 
flux of 2772 kg/m2s. The trend of CHF also indicates a room for a further enhancement. 
It is noticed that the deviation of CHF varies with increasing mass flux in Figure 4.14. By 
comparing to microchannels with IRs [20], an enhancement of ~70% is achieved by 
enhancing global liquid supply and local liquid spreading through the integration of 
multiple jets and reentry cavities. At a mass flux around 2772 kg/m2s, the enhancement is 
~57% compared to the reentrant cavity microchannels [56]. An enhancement of ~27% is 
achieved compared to four-nozzle microchannels [75]. The comparison in Figure 4.14(b) 
indicates that reentry cavity plays a vital role in enhancing CHF. The local liquid 
spreading can be enhanced by the cavity-induced capillary flows and the main factor 
leading to the enhanced CHF [77]. The enhancements of CHF are limited in the present 
configuration microchannels compared to other three configurations at low mass fluxes. 
The main reason is that the multiple jets and reentry cavity are not fully activated because 
of insufficient coolant. As the increase of mass flux, the effects of multiple jets and 
reentry cavity in global and local liquid spreading become more significant, leading to 
higher CHF as illustrated in Figure 4.14. 
Usually, premature CHF can be triggered by explosive boiling, flow instabilities, 
and partial dry-out. For plain-wall microchannels with IRs as illustrated in Figure 4.15(a), 
when heat flux increases, explosive boiling is likely to occur because superheated 
HFE-7100 has low thermal conductivity. Then, thin liquid film would be expelled away 
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from walls and eventually, vapor layer forms on the heating surface near inlet regions. As 
shown in Figure 4.15(b) in four-nozzle configuration microchannels, due to lack of 
nucleation sites, boiling cannot be extended to the entire channel length. The significantly 
enhanced CHF in this study is achieved by managing or addressing these issues. The 
integration of micro-nozzles and micro-cavities has successfully prevented the 
occurrence of explosive boiling, as shown in Figure 4.15(c). 
 
Figure 4.15 Flow boiling phenomena in inlet section near CHF conditions at a  
mass flux of 462 kg/m2s and heat flux of 61 W/cm2, 66 W/cm2 and 
80 W/cm2, respectively. (a) In plain wall microchannels, a liquid core  
surrounded by vapor sublayers. (b) Nucleate boiling is suppressed by  
incoming inertia flow. (c) Enhanced nucleate boiling in the present study. 
(All scale bars are 200 µm) 
Heating surface dryout because of low rewetting ability is one of the main factors 
resulting in premature CHF conditions. Enhanced liquid spreading is essential to increase 
CHF. Normally, surface rewetting is highly influenced by the properties of working fluid, 
surface conditions of heating surface and two-phase transport. However, as discussed in 
section 0, it is challenging to increase CHF on highly wetting HFE-7100 at room 
temperature. In conventional smooth wall microchannels, it is difficult to maintain liquid 
film on heating surface using working fluid of HFE-7100 because of its low surface 
tension. The potential solution for this issue is to enhance capillary pressure through 
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surface modification such as nanowires to compensate the low surface tension. Although 
local rewetting is enhanced in microchannel covered with nanowires, the global liquid 
supply greatly suffers from its high flow resistance. As a result, the enhancement of CHF 
is insignificant. 
In this study, an improved configuration microchannels integrated with high 
density microcavities would significantly increase the capillary pressure. The capillary 
pressure is ~1.8 kPa calculated by ∆P = 4𝜎𝑐𝑜𝑠𝜃 𝐷ℎ⁄ . More importantly, thin liquid film 
can be sustained between the microcavities, effectively delaying local surface dryout. In 
smooth wall microchannels with IRs, the thin liquid film can be easily blown off from the 
heating surface, as illustrated in Figure 4.15(a). It is clearly observed that a liquid core is 
surrounded by vapor sublayers at mass flux of 462 kg/m2s and heat flux of 61 W/cm2. 
Liquid renewal of heating surface is prevented by such vapor layers, leading to premature 
CHF conditions. The four evenly-distributed micronozzles can ensure liquid supply to 
entire channels. The enhanced capillary pressure can greatly improve the local liquid 
spreading. Figure 4.16 demonstrates that heating surface dryout and rewetting process in 
the outlet section near CHF conditions at heat flux of 80 W/cm2 and mass velocity of 462 
kg/m2 s. Rapidly rewetting is achieved at a frequency of ~143 Hz.  
Two-phase flow instabilities in microchannel can deteriorate flow boiling, 
especially near outlet section. Pre-cooled working fluid up to -30 ⁰C has been 
demonstrated to stabilize flow boiling of HFE-7100 by reducing the bubble nucleation 
size and vapor density [57]. The smaller bubble size and lower vapor density can benefit 
the liquid supply to channels. In this study, well-managed confined bubbles in the present 





Figure 4.16 Rewetting process in the present configuration near  
CHF at heat flux of 80 W/cm2 and mass velocity of 462 kg/m2 s.  
Enhanced capillary pressure of ~1.8 kPa (∆P = 4𝜎𝑐𝑜𝑠𝜃 𝐷ℎ⁄ )  
induced by microcavity can hold the liquid in the cacity. 
(Scale bar is 100 µm) 
4.2.5 Reduced ∆P 
Usually, the enhanced CHF is at the penalty of pressure drop, for example, 
induced by orifices [20] or high mass flux [79]. Compared to the four-nozzle 
configuration microchannels, the pressure drops of the present study are elevated by 
~16%, as shown in Figure 4.17. A minor increase of pressure drop might be induced by 
the change of surface roughness induced by the high density of reentry cavities. However, 
Figure 4.18 shows that the pressure drops of the present study are substantially reduced 
compared to microchannels with IRs. The reduced pressure drop is realized through 





Figure 4.17 Comparison of pressure drop between  





Figure 4.18 Drastically reduction of pressure  
drops in the present study compared to  
microchannels with IRs [20]. 
4.3 Conclusion 
This work has demonstrated that flow boiling in terms of HTC and CHF on highly 
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wetting HFE-7100 can be significantly enhanced compared to microchannels with IRs, 
reentrant cavity microchannels and four-nozzle microchannels. The HTC is drastically 
increased by coupling multiple nozzles with reentry cavity primarily owing to the 
enhanced nucleate boiling, mixing effect, and thin film evaporation. A significant 
enhancement of HTC is achieved compared to the four-nozzle microchannels. Moreover, 
CHF is significantly enhanced up to ~70% with pressure drop reduced by ~82% 
compared to microchannels with IRs. A peak CHF of 216 W/cm2 is achieved at a mass 
flux of 2772 kg/m2 s in this study with coolant temperature at room temperature. The 
enhanced global liquid supply and sustainable local liquid spreading are the two major 












CHAPTER 5 ENHANCED FLOW BOILING IN MICROCHANNELS 
USING AUXILIARY CHANNELS AND MULTIPLE 
MICRONOZZLES: REDUCED TWO-PHASE FRICTIONAL 
PRESSURE DROP 
Chapter 2 has presented the results of heat transfer performances in 
microchannels using auxiliary channels and multiple micronozzles, in terms of heat 
transfer coefficient and critical heat flux. This chapter will present the results of frictional 
pressure drops in the same design. The experimental pressure drops were collected in the 
study of chapter 2. 
5.1 Reduction of frictional pressure drop 
Experimental frictional pressure drop ( ,expfp ) is deduced from the following 
equation [94]: 
,exp total if acc o plenum distributorp p p p p p p         (16) 
where the total pressure drop ( totalp ) was measured by two pressure transducers 
at the pressure-drop measuring ports; distributorp , plenump , ip  and op are the pressure 
drop of the flow distributor, pressure drop of the plenum chambers, inlet minor losses and 
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 
 (17) 
where mass flux is estimated from cG m A ; and the density of the exit 
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two-phase flow 2 ,o  is estimated by 
 2 , 1o v l          (18) 
where l and v  denote the densities of liquid and vapor, respectively; the 
density of inlet flow is assumed to be the density of liquid flow ( l i  ), and  is the 
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,l iu and v,ou represent the average liquid velocities at inlet and exit, respectively. 
They are estimated as  ,l i l lu m A   and  v,o e v vu m A    . The momentum 
correction factor ( 1.33dK  ) and 2  was used for laminar flow.  is the flow area 
contraction ratio. 
The pressure drop of the plenum chambers consists of two components: 
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, ,plenum i plenum o plenump p p     (23) 
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where Lplenum is the length of the plenums; and Dplenum is the hydraulic diameter of 






f   (26) 
where Cf is adopted from [125]. 












       
 (27) 
where N is the number of pin fins in a single row of flow distributers; fcross was 
estimated by Gaddis’s method [126]; and ST is the transverse pitch; and Dpin is the 
hydraulic diameter of pin fins. 
In this experimental study, the Reynolds number of vapor flow is defined as, 
 
Re





  (28) 
where v  is the dynamic viscosity of vapor. 







  (29) 
where p  is the pressure drop, Dh is the hydraulic diameter, L is the passage 
length, and G is the mass flux. The frictional factor is a function of aspect ratio for a 
rectangular passage. It can be determined using equation from Shah and London [125]. 
 2 3 4 524 1 1.3553 1.9467 1.7012 0.9564 0.2537 Ref a a a a a       (30) 
Where a is the channel aspect ratio. One constraint for this equation is that the 
aspect ratio must be less than one. If the channel aspect ratio is greater than 1.0, the 
inverse is taken to use with Eq. (30). 
5.2 Calibration 



















Fricational factor correlations 
for pin fins of inlet distributor: 
 Gunther et al. [31]
 Gaddis et al. [30]
 Short et al. [32]
 Kosar et al. [33]
Frictional factor theoretical model:
 Theoretical model
 
Figure 5.1 Single phase friction factor of a smooth wall 
rectangular microchannel array is calibrated using  
different correlations of friction factor to estimate  
pressure across the fluid distributor consisting of pin  
fins. The results show that the calibration using 
Gaddis’ correlation agrees better with the theoretical 
model [125]. 
To assure the accuracy of pressure drop measurements in the present 
microchannel array, the single phase friction factor in smooth wall rectangular 
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microchannel is calibrated using several correlations in literatures, and then compared to 
the theoretical value [125] (as shown in Figure 5.1). In Equ.(16), the pressure drop 
induced by the flow distributor is relative larger than other pressure drop components 
such as from plenum chambers, inlet minor losses and exit minor losses. To find a 
suitable correlation, four friction factor correlations (as listed in Table 5.1) for the flow 
distributor are compared to calculate distributorp  during the reduction of single phase 
friction factor. Figure 5.1 shows that the single phase friction factor of the smooth wall 
rectangular microchannel using Gaddis’ correlation [126] is closer to the theoretical value. 
Therefore, we select the Gaddis’ correlation to estimate the flow distributor frictional 
pressure drop. 
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Figure 5.2 Single phase/two-phase pressure drops  
versus effective heat flux and exit vapor quality,  
respectively. 
5.3 Reduced pressure drop  
The measured total two-phase pressure drop is mainly determined by frictional 
and accelerational pressure drops [94, 127]. Figure 5.2 shows the measured total single 
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phase/two-phase pressure drops versus effective heat flux and exit vapor quality are 
plotted, respectively. Single phase pressure drop is determined by mass flux for a given 
channel configuration. The slopes of pressure drop curves in two-phase region 
dramatically increase with the increase of mass flux and exit vapor quality. The change of 
flow regimes as indicated by exit vapor quality would be the main reason for the sharp 
elevation of two-phase pressure drops.  
Table 5.1 List of single phase friction factor correlations. 
Referenc
e 
Shape of pin fins  Working 
fluid 
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The comparison of total pressure drops is conducted between the present 
improved configuration and the previous two-nozzle configuration [18] to understand the 
mechanism of reduced pressure drop. Figure 5.3 shows that a significant reduction of 
pressure drop, up to 56%, is achieved at a mass flux of 430 kg/m2 s.  
In conventional microchannel configuration, the elongated vapor slug is hard to 
be removed. Hydraulic resistance was reduced by managing vapor slug expansion rate in 
our previous study [94]. The present configuration has identical dimensions with the 
two-nozzle configuration [18], but with more nozzles and shared auxiliary channels. The 
increased number of nozzles in the present study can further increase the ability of bubble 
removal, which could further reduce pressure drop. The comparison of Figure 5.3 
indicates that the effect of the present improved configuration on significantly reducing 




5.3.1 Dominance of the frictional pressure drop 
Figure 5.4 shows a comparison of total pressure drop components versus vapor 
quality at a mass flux of 430 kg/m2 s in four-nozzle configuration microchannels. 
Frictional pressure drop is the dominant component of the total pressure drop, which is 
consistent with the reported data [94, 131]. 
 
Figure 5.3 (a, b) A significant reduction of pressure drop  
is achieved in present study compared to the two-nozzle  






































Figure 5.4 Total, frictional, accelerational and exit  
minor losses pressure drops versus vapor quality at  




Figure 5.5 (a, b) A comparison of exit  
vapor quality against effective heat  
flux is plotted at150 kg/m2 s and 430  




Figure 5.6 (a) The accelerational pressure  
drop ( accp ) and (b) exit minor losses ( op )  
of the presentstudy are reduced compared  
to two-nozzleconfiguration at a mass flux  
of 150 kg/m2 s and 430 kg/m2 s, respectively. 
5.3.2 Reduced accelerational pressure drop and minor loss 
Figure 5.5 shows that the exit vapor quality of the present study is lower than that 
of two-nozzle configuration at the same effective heat flux. Two-phase density gets 
smaller as a result of higher exit vapor quality at the same heat flux. Equ. (17) indicates 
that a reduced two-phase density can lead to lower accelerational pressure drop. This can 
result in the reduction of accelerational pressure drop (- accp ) (as shown in Figure 5.6(a)). 
Besides accelerational pressure drop and exit minor losses, other components in Equ. (16) 
are calculated as well. The inlet minor loss ( ip ) is determined by mass fluxes such as 
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1.43 kPa and 11.74 kPa at a mass flux of 150 kg/m2 s and 430 kg/m2 s, respectively. 
However, the pressure drops induced by the flow distributor and plenum chambers are 
very small, less than 1 kPa in this study.  
5.3.3 Reduced frictional pressure drop 
Figure 5.7 shows that the frictional pressure drop is plotted versus effective heat 
flux and exit vapor quality, respectively. A significant reduction of ~56% and ~40% are 
achieved for given effective heat flux and vapor quality at a mass flux of 430 kg/m2 s, as 
shown in Figure 5(b) and 5(d), respectively. Two major factors are believed to contribute 
to the pressure drop reduction. The first is the bypass effect. Our previous study has 
demonstrated that frictional pressure drop can be significantly reduced by introducing 
bypasses through micronozzles and auxiliary channels [18, 114]. At the same exit vapor 
quality, the augmented flow area can result in a substantial reduction of vapor superficial 
velocity. For example, at a mass flux of 150 kg/m2 s, the superficial velocity of vapor 
flow is 97.7 m/s at an exit vapor quality of 0.49 under a heat flux of 228 W/cm2. A 
reduction of ~22% is achieved in the present study compared to two-nozzle configuration. 
At a higher mass flux of 430 kg/m2 s, the superficial velocity of vapor flow is 191 m/s at 
an exit vapor quality of 0.34 under a heat 504 W/cm2. A reduction of ~24% is achieved as 
well. The reduction of superficial velocity of vapor flow leads to the reduction of 
frictional pressure drop determined by vapor velocity compared to two-nozzle 




Figure 5.7 The frictional pressure drops are plotted versus effective heat flux 
and exit vapor quality at mass flux of 150 kg/m2 s and 430 kg/m2 s,  
respectively. Drastic reduction of frictional pressure drop is achieved with  
the present configuration compared to two-nozzle configuration.  
The other factor should be the management of bubble or vapor slug expansion, 
which leads to additional reduction of frictional pressure drop as indicated by vapor 
quality and effective heat flux, respectively. In microchannel flow boiling, the rapid 
growth and expansion of confined bubbles toward upstream can hinder and block 
incoming flows, resulting in a substantial increase of pressure drop [18]. Well-managed 
vapor slug expansion has an effect on reducing frictional pressure drop [94]. Extended 
mixing in the entire channel is achieved by increased and well-distributed jetting flows. 
Figure 5.8 shows that confined bubble shrinks with the effect of jetting flow associated 




Figure 5.8 Mixing induced by bubble collapse is  
observed in the present study at a heat flux of  
200 W/cm2 and a mass flux of 325 kg/m2 s.  
(Scale bar is 100 µm) 
Usually, the frictional pressure drop is larger at a higher heat flux and vapor 
quality [94, 131]. Figure 5.7(c) and Figure 5.7(d) shows that the reduction of frictional 
pressure drop versus exit vapor quality is smaller than that versus heat flux. For example, 
the reduction of frictional pressure drop is 26% at an exit vapor quality of 0.5 and a mass 
flux of 150 kg/m2 s and increases up to 40% at an exit vapor quality of 0.34 and a mass 
flux of 430 kg/m2 s. Especially, it is noticed that difference of frictional pressure drop 
between the present study and two-nozzle configuration is minor for exit vapor quality 
less than 0.4 at low mass flux of 150 kg/m2 s, as shown in Figure 5.7(c). And then the 
reduction increases up to 26% at vapor quality around 0.5. 




Figure 5.9 Comparison of Δp-G curves of  
flow boiling between the present  
configuration, two-nozzle configuration  
[18] and microchannels with IRs [20].  
Figure 5.9 shows the comparison of the Δp-G curves between the present study 
and the two-nozzle microchannels [18] and microchannels with IRs [20] at a heat flux of 
150 and 250 W/cm2, respectively. The slopes of Δp-G curves for microchannels with IRs 
are positive, which enabled high CHF by suppressing flow oscillations, but at a cost of 
pressure drop. In the two-nozzle microchannels [18], the slopes were greatly moderated 
compared to the microchannels with IRs and the slopes of Δp-G curves at 150 W/cm2 are 
even positive. In the present configuration, the slope of Δp-G curves is similar with that 




Figure 5.10 Classic Δp-G curve of flow boiling under  
constant heat flux in plain wall microchannels [18]. 
Figure 5.10 depicts the classic Δp-G curve in microchannels [132], which is used 
to analyze the Ledinegg instability of the present study. Notice that the Δp-G curves (as 
shown in Figure 10) of the present configuration is similar with the classic one. For a 
given heat flux, the pressure drop increases with increasing mass flux in the regime of 
single phase flow before ONB. In the section a-b, the slope of Δp-G curve is positive. 
Conversely, after reaching the onset of flow instability (OFI) point, pressure drop 
increases with decreasing mass flux in the regime of two-phase as shown in Figure 5.9. In 
section c-e, the slope of Δp-G curve is negative. In microchannels, it has been argued that 
the OFI corresponds to a mass flux only slightly less than the ONB. In this study, the 
mass flux of onset of nucleation bubble (ONB) is 650 kg/m2s at 150.6 W/cm2, and 900 





































，the system is susceptible to the static Ledinegg instability mainly 
in the parallel channels. In addition, upstream compressible volume instability can be 
significant at microscale. Such a two-phase flow instability is characterized by low 
frequency and large amplitude of flow, pressure drops, and wall temperature oscillations 
and could result in premature CHF conditions. Microchannels with IRs [20] have been 
employed and demonstrated as an effective method to mitigate two-phase flow 
instabilities by reshaping the Δp-G curve such that the curve is rectified into positive.  
The flow instability of the system can be assessed by considering the negative 
slope of Δp-G curves. As the slope becomes steeper, the system is more likely to exhibit 
flow instability, leading to a premature critical heat flux condition. There are several 
factors that affect the curve’s slope, including heat flux, saturation pressure, mass flux, 
and channel hydraulic diameter. This can be expressed as follows [132]: 
 
 ,, , , , , ,sat sub i h
d P
f P G T q D L fluid
dG

   (31) 
Using microfluidic transistors (auxiliary channel combined with multiple 
micronozzles), up to 78% pressure drop reduction was demonstrated in the two-nozzle 
microchannel configuration [18, 114]. Further 51% pressure drop reduction has been 
realized in the present configuration. High frequency oscillations lead to more stable flow 
boiling in microchannels as well. In two-phase regime (Figure 5.9), the slope of Δp-G 
curves is still negative, but remaining small. The microchannel integrated auxiliary 





Figure 5.11 Enhancement of flow stability in the present 
study compared to two-nozzle microchannels [18]. 
Figure 5.11 shows the transient pressure drop of present microchannels compared 
to that of the two-nozzle microchannels in four minutes at an effective heat flux of 307.4 
W/cm2 and 296.6 W/cm2, respectively, for a given mass flux of 380 kg/m2 s. At such a 
high heat flux, pressure drop has been observed to fluctuate within 1.4% (±0.6 kPa), 
which confirms the more stable two-phase flow achieved in the present microchannel 
configuration, which is 28.9% lower than that of the two-nozzle microchannels. A better 
management of the confined compressible vapor bubbles enabled by four 
evenly-distributed micro-nozzles shall result in a more stable two-phase flow. 
5.4 Conclusions 
In this section, the enhanced mechanism of reduced pressure drops in four-nozzle 
configuration has been experimentally studied. The total pressure drop and frictional 
pressure drop are significantly reduced compared to the two-nozzle configuration. The 
reduction of frictional pressure drop is mainly caused by the increased bypasses owing to 
the integration of auxiliary channels and by the enhanced pumping effect because of 
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management of bubble confinement enabled by rapid bubble collapse in the entire 


















CHAPTER 6 CAPILLARY-REWETTING-ENHANCED FLOW 
BOILING IN MICROCHANNELS USING MICRO-PINFIN FENCE 
ON WATER 
In this study, wetting and liquid propagation are characterized and optimized in 
microchannel with superhydrophilic micro-pin fin fences. The microstructures improve 
liquid spreading by enhancing capillary pressure, increasing the thin-film region where 
most the evaporation occurs. Moreover, the liquid-film thickness and the associated 
thermal resistance are minimum in the thin-film region making thin-film evaporation an 
attractive choice for dissipating high heat flux. The maintained liquid thin film can 
sustain the evaporation. Closely spaced micro-pin-fins are used to generate higher 
capillary pressure that assists liquid spreading while microchannels are used to reduce the 
overall viscous loss by providing a less-viscous bypass path for fluid flow. Experimental 
results indicate that thin-film evaporation is a promising strategy to dissipate higher heat 
fluxes. 
Experimental study demonstrated that, by introducing superhydrophilic 
micro-pin-fin fences into microchannel flow boiling, the maximum heat flux of boiling 
can be dramatically increased before catastrophic dryout occurs. The delayed dryout is 
attributed to the enhanced liquid transport in micro-pin-fin fences aided by capillary 
pressure. Hydrophilic micro-pin-fin fences are implemented in flow boiling systems 
where heat transfer performance is also influenced by many other factors such as flow 
rate, channel geometry, and subcooling. The understanding of micro-pin-fin fences in 
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enhancing flow boiling can develop better thermal management strategies. 
6.1 The design of two-phase separation device 
Figure 6.1(c) shows that a hydrophilic micro-pinfin array is designed and 
fabricated along each vertical wall inside microchannels with a distance of 10 μm. Once 
the liquid-vapor interface is established adjacent to micro-pinfins during the boiling 
process, the boundary layer (BL) will be formed between the wall and micro-pinfins as 
schematically illustrated in Figure 6.1(d) because of the capillary action. The diameter of 
the micro-pinfin is 30 μm, height of 250 μm, a gap from wall is 10 μm. The fabricated 
micro-pinfin arrays are applied to modify the profiles of boundary layers.  
In a traditional microchannel with plain sidewalls, as shown in Figure 6.2(a), 
when the working condition is approaching the CHF crisis, after vapor bubbles grow and 
vapor slugs expand along the channel, a very thin liquid film can be momentarily 
generated on the sidewalls and channel corners, as schematically shown in Figure 6.2(b). 
Under high heat flux, this thin liquid film quickly evaporate and lead to a dry-out crisis, 
Figure 6.2(c), or CHF conditions and eventually the device would be damaged. One of 
the most effective way to increase the heat transfer performances to facilitate thin film 
evaporation, one of the highest heat transfer mechnisms. In addition, a well-controlled 
thin film can also delay the dry-out crisis, alleviate the flow instability, and decrease the 
pressure drop, simultaneously. 
For plain wall microchannel under a specific working condition, the initial 
thickness and try-out time of the thin film is extremely challenging to manipulate. To 
address this dilemma, it would be favorable to replenish the thin liquid film using 
capillary effect so that the liquid thin film can sustain significantly longer during intense 
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boiling/evaporation process. With a well-controlled thin film on the sidewalls, the boiling 
heat transfer can be enhanced, and the dry-out crisis can be delayed.   
 
Figure 6.1 (a) The SEM image of micro  
pinfin. (b) Dimensions of the BLs structure 
and top-view of thin-film evaporation. 




where, where γ is surface tension; θ is the contact angle; and 𝑑𝑛 is the characteristic 
length scale. For this proposal, 𝑑𝑛 for for Pinfin microchannel is the gap between wall 
and pinfin. The high capillary pressure induced by pinfin array helps maintaining liquid 
films on boiling surfaces, as shown in Figure 6.2. Figure 6.3 demonstrates that the 
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enhanced capillary pressure can maintain the liquid film in the BLs compared to smooth 
wall. Pinfin microchannel is supposed to experience continuous and uniform rewetting 
throughout the channel length.  
 
Figure 6.2 The schematic of enhanced thin-film  
evaporation along side walls of microchannels using  
micro-engineered structure. 
 
Figure 6.3 Enhanced capillary effect with 
micro pinfin structure is demonstrated at 
heat flux of 90 W/cm2 and mass flux of  
160 kg/m2 s. 
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6.2 Micropinfin microfabrication process 
The microdevice was made from a double-side-polished n-type <100> silicon 
wafer. 1 ± 0.01 μm thick thermal oxide layers were grown on the both side of wafer to 
provide electrical insulation for the micro heaters and acted as a mask for deep reactive 
ion etching (DRIE). A 1.5 ± 0.05 μm thick thin film microheater served as resistor and 
thermistor was fabricated through lift-off process on the backside of the wafer. Silicon 
oxide served as etching mask was etched using reactive ion etching (RIE). Then five 
parallel microchannels with micropinfin with depth of 250±3 μm deep trenches were 
etched by DRIE. Figure 6.4 shows the microfabrications process of the device. The DRIE 
process formed deep vertical sidewalls with a root mean square (RMS) roughness of 
~300 nm. A Pyrex glass wafer was anodically bonded to the silicon substrate to seal the 
device. The individual microchannel test chips (length 30 ± 0.005 mm; width 10 ± 
0.005 mm; thickness 1 ± 0.005 mm) were cut from the wafer by a dice saw. 
 




6.3 Results and discussion 
6.3.1 Flow boiling curves 
Experiments are carried out for mass fluxes ranging from 89 kg/m²s to 389 
kg/m²s. Figure 6.5 shows that the wall temperature varies with effective heat flux. The 
slopes of boiling curve are steep before onset of nucleate boiling (ONB). After ONB, the 
slopes become smaller. Enhanced heat transfer rate due to phase change is contributed to 
the decrease of slopes. 
 
Figure 6.5 Wall temperature against effective heat flux 
is plotted. 
To examine the boiling performance of the pinfin microchannel, Figure 6.6 shows 
the HTC by considering fin efficiency against effective heat flux is plotted. It is clear to 
see the V-shape curves of HTC. The HTC initially decreases with increase of effective 
heat flux, and then it gradually increases after reaching the turning point. The change of 
HTC curves should be related to the development of flow regimes.  Based on 
visualization and experimental studies, three distinct heat transfer regimes can be 
identified as illustrated in Figure 6.6. In the first regime (A), the HTC decreases with 
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increasing heat flux due to the dominant role of nucleate boiling. With a steady increase 
of heat flux, the HTC curve climbs up with increasing heat flux. The thin film 
evaporation dominated regime is named as the regime (B). With a further increased heat 
flux, the HTC curve starts to drop again due to partially dry-out in channel as indicated 
by the down-turning point. For example, near the CHF condition (with the high heat flux 
up to ~567 W/cm2), the HTC suddenly dropped because of full dry-out in the entire 
channel at a mass flux of 230 kg/m²s. Compared the boiling curve in conventional 
microchannels, the significant change of the boiling curve shape confirms the dominance 
of thin liquid film evaporation, resulting from the pin-fin activated full two-phase 
separation. 
 
Figure 6.6 Local HTC by considering fin 
efficiency against effective heat transfer  
is plotted.  
6.3.2 Enhanced HTC compared to plain wall microchannels 
Figure 6.7 compares how the rectification of stochastic liquid/vapor interfaces 
impacts the flow boiling performances. As illustrated in Figure 6.7 the pin fin 
microchannels drastically outperform plain wall microchannels in HTC on DI water. With 
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the fully separated two phases enabled by microscale pin fin arrays, HTC keeps 
increasing after passing the turning point and can reach up to 91 kW/m2 K at a mass flux 
of 389 kg/m2∙s. The liquid thin film layer established by micro-pinfin through capillary 
action will fundamentally alter the heat transfer and two-phase flow behaviors during 
flow boiling in microchannels. Figure 6.8 indicates that the thin liquid film evaporation is 
the main contribution to the enhancement of HTC.  
 
Figure 6.7 Comparison of local  
HTCs in the present study against 





Figure 6.8 The thin liquid film evaporation is very 
important to the enhancement of local HTC. 
Figure 6.9 to Figure 6.11 shows that liquid or vapor slugs were not observed from 
low heat flux of 138.5 W/cm2 to high heat flux of 191.2 W/cm2 at a mass flux of 230 
kg/m2 s, indicating a fully separated two-phase flow. Rapid and periodic liquid renewal 
from inlet to outlet was observed. Figure 6.10 indicates that the rewetting velocity is 0.42 
m/s at heat flux of 97.2 W/cm2 and mass flux of 230 kg/m2 s. Furthermore, experimental 
data of two-phase flow regime in the microscale pin fins microchannels has been plotted 
in the Ullmann–Brauner flow pattern map[133] and it can be seen from the Figure 6.12 
that annular flow regime is dominated in a wide range of mass flux from 80 kg/m2 s to 
389 kg/m2 s. Flow regime shifts from slug-annular to annular as vapor superficial 
velocity increases. Taken together, these results demonstrate the successful full separation 
of liquid and vapor phases and reconstruction of a new two-phase boundary layer 
structure, leading to sustainable thin liquid film for evaporation and lubrication as well as 







Figure 6.9 Flow boiling regime in  
region A for low heat flux (shown in 
Fig. 5). Local dryout is observed at 
a heat flux of 138.5 W/cm2 and a  
mass flux of 230 kg/m2 s. 
 
Figure 6.10 Annular flow is achieved in the present study.  
The liquid is rewetting in the boundary layer with the  
capillary effect. The rewetting velocity is 0.42 m/s at heat  




Figure 6.11 Flow boiling regime in region B for high  
heat flux (shown in Figure 6.6). Sustainable liquid  
supply is achieved with the present configuration at a  
heat flux of 191.2 W/cm2 and a mass flux of 230 kg/m2 s. 
 
Figure 6.12 Flow pattern map. 
Figure 6.13 shows the rewetting frequency increases with increasing working heat 
flux. Enhanced capillary effect improves the rewetting of microchannel. The ability of 
rewetting is critical in flow boiling, promote thin film evaporation. As evidenced in 
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Figure 6.9 to Figure 6.11, the increased coverage of sustainable thin liquid film in the 
entire channel is the primary mechanism of enhanced HTC. 
 
Figure 6.13 Liquid supply requency as function  
of mass flux is plotted. 
6.3.3 Significant enhancement of CHF 
Figure 6.14 shows that the 437% CHF enhancement is substantial particularly 
without sacrificing pressure drop. The separation of liquid and vapor phase flows explain 
the drastically enhanced CHF using the micro/nano-scale structures activated liquid 
boundary layer. Capillarity rendered by the fin structures not only facilitates rapid liquid 
renewal as illustrated in Figure 6.13, but also significantly improves the local liquid 
spreading and delays the dry-out crisis as shown in Figure 6.15. In contrast, Figure 6.16 
shows the liquid renewal is much lower than that of micro-pinfin microchannel. Hence, 
dryout is observed at outlet section near CHF at a heat flux of 114.7 W/cm2 and a mass 
flux of 113 kg/m2s in Figure 6.16. This remarkable result is attributed to the localized slip 
effect induced from the liquid film and the drastic reduction of contact area owing to the 
separation of two component fluids [134, 135]. The favorable liquid-vapor phase 




Figure 6.14 Significant enhancement of CHF compared  
plain wall microchannel is achieved. 
 
Figure 6.15 Dryout is observed at outlet section near  
CHF at a heat flux of 463 W/cm2 and a mass flux  




Figure 6.16 Dryout is observed at outlet  
section near CHF at a heat flux of 114.7  
W/cm2 and a mass flux of 113 kg/m2 s.  
(scale bar is 50 um).  
 
Figure 6.17 Transient wall temperatures in duration  
of 4 mins are plotted at two different heat fluxes of  
119.6 W/cm2 and 407.7 W/cm2, respectively, and at 
a mass flux of 230 kg/m2 s. 
6.3.4 Enhancement of flow stability 
Figure 6.17 and Figure 6.18 shows the flow stabilities in terms of temperature and 
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pressure drop fluctuation are significantly improved, particularly, at higher heat fluxes. 
The favorable liquid-vapor phase separated flow pattern contributes to higher two-phase 
flow stability. 
 
Figure 6.18 Transient pressure drops in duration of  
4 mins are plotted at two different heat fluxes of  
119.6 W/cm2 and 407.7 W/cm2, respectively, and  
at a mass flux of 230 kg/m2 s. 
6.4 Conclusions 
A novel strategy that allows for a full two-phase separation and hence, a 
reconstruction of the liquid boundary layer in a sustainable and on-demanded manner 
using a new type of microscale structures as demonstrated by both high-speed 
visualization and transport characterization. Through manipulating the multiphase 
transport, the conventionally stochastic and transitional two-phase flow structures in 
conventional microchannels were transformed into an ordered and favorable scenario. 
This strategy is shown to be promising in resolving the inherent two-phase transport 
tradeoffs. Specifically, the capability to fully separate two-phase flows and hence, 
reconstruct the boundary layer, facilitates and promotes the highly efficient heat transfer 
modes as well as optimize usually complex two-phase flow routes. As a result, 
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exceptional two-phase transport performance has been achieved without escalating the 
pressure drop. In a broad perspective, we envision that this novel concept of 
reconstructing boundary layers can advance many promising applications including 
embedded two-phase cooling in high-power electronic chips. It can also be extended to 
manipulate effectively multiphase microfluidic flows when the surface tensions of 
component fluids are drastically different such as water management in proton exchange 














CHAPTER 7 ENHANCED FLOW BOILING OF HFE-7100 IN 
MICROCHANNELS INTEGRATED WITH MICRO-PINFIN 
FENCES 
In this study, experiments are established and employed to investigate flow 
boiling performance in microchannels integrated with micro-pinfin fences on HFE-7100. 
HFE-7100 is almost perfectly wetting due to the physical properties with high density, 
low viscosity and low surface tension. HTC can be increased by the enhancement of 
nucleate boiling and thin liquid film evaporation, while sustainable wetting/rewetting and 
global liquid liquid is critical to the enhancement of CHF. The micro-pinfin fences can 
compensate the low surface tension force of HFE-7100 by enhancing the capillary effect. 
Sustainable thin liquid film is generated, leading to promoted thin film evaporation. Also, 
the liquid rewetting is drastically improved. Enhanced CHF is expected. The results will 
be compared to plain wall microchannels without micro-pinfin fences. 
7.1 Experimental procedures 
Experimental procedures, data measurements, and data deduction can refer to 
previous chapters. A full two-phase separation has been achieved in micro-pinfin 
microchannels on DI-water. A sustainable and on-demanded manner of two-phase 
transport is demonstrated by reconstructing the liquid boundary to significantly improve 
flow boiling performances. In this section, the regulation of two-phase transport is 
conducted on highly wetting fluid of HFE-7100. The capability to fully separate 
two-phase flows is demonstrated. The reconstruction of boundary layer facilitates and 
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promotes the highly efficient heat transfer modes. As a result, exceptional two-phase 
transport performance has been achieved. 
7.2 Results and discussions 
7.2.1 Enhanced HTC 
 
Figure 7.1 Comparison of average  
HTC based on base area between 
pinfin microchannels and plain  
wall microchannels. 
Figure 7.1 shows that the average HTC based on heating area is dramastically 
enhanced compared to four-nozzle microchannels using the novel concept of “two-phase 
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separation”. The annular flow pattern induced by full two-phase separation leads to 
enhanced thin film evaporation. The enhanced mechanisms have been discussed in the 
study of DI-water. Figure 7.2 shows the enhanced nucleate boiling in pinfin 
microchannels should be another important factor for the enhanced HTC. 
 
Figure 7.2 Enhanced nucleate  
boiling in pinfin microchannels.  
(scale bar is 50 µm) 
7.2.2 Enhanced CHF 
Figure 7.3 shows the significant enhancement of CHF compared to plain wall 
microchannels. An enhancement of ~80% is achieved at a mass flux of 1155 kg/m2 s. To 
explore the enhanced mechanism, visualization study is conducted. Figure 7.4 
demonstrates that the thin liquid film is quickly rewetted at the outlet section near CHF at 
a mass flux of 462 kg/m2 s and a heat flux of 87W/cm2. In contrast, Figure 7.5 and Figure 
7.6 shows sublayer dryout occurred in middle and outlet section of plain wall 
microchannels near CHF conditions at a mass flux of 231 kg/m2 s and a heat flux of 35 
W/cm2. The enhanced capillary pressure helps maintain the thin liquid film in the 




Figure 7.3 Significant enhancement of CHF  
in the present study. An enhancement of ~80%  
is achieved compared to plain wall  
microchannels at a mass flux of 1155 kg/m2 s. 
 
Figure 7.4 Thin liquid film  
rewetting process at outlet near  
CHF at a mass flux of 462  





Figure 7.5 Dryout at middle section  
near CHF at a mass flux of 231  
kg/m2 s and a heat flux of 35 W/cm2. 
 
Figure 7.6 Dryout at middle section  
near CHF at a mass flux of 231  
kg/m2 s and a heat flux of 35 W/cm2. 
7.3 Conclusions 
Experimental study has been conducted on HFE 7100 using the novel concept of 
“two-phase separation”. The annular flow pattern is achieved. The boiling performances 
are drastically enhanced compared to plain wall microchannels. The enhanced 




CHAPTER 8 MODELLING OF HTC AND CHF IN 
MICROCHANNELS INTEGRATED WITH MICRO-PINFIN 
FENCES 
To understand and validate the working principle of the micro/nano-scale 
structures-activated liquid boundary layer in determining two-phase transport behaviors 
and performance, a theoretical study is conducted.  
8.1 Heat transfer model 
The overall thermal resistance of the pin-fin equipped microchannels (h0) is 
governed by the conduction resistance, the boiling heat transfer, and the interfacial 
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 (32) 
The total exposed free liquid-vapor interface area (Ae) is defined as the area of the 
liquid meniscus through which evaporation occurs. To simplify the analysis, the exposed 
free-surface area is estimated as the smallest area between pin-fin pillars and it is 
calculated to be 6.25 mm2. The chip surface area (At) and the area of the vertical 
sidewalls (Aw) are constant values. The equivalent thickness and thermal conductivity of 
pin fin array together with thin liquid film are δ′ = 33.8 μm and K′ = 68.2 W/mK, 
respectively. K0 is the thermal conductivity of silicon substrate of 149 W/mK. The time 
ratio of evaporation or boiling processes to the overall working duration can be measured 
by a high-speed visualization movie, and they are defined as τe for evaporation time 
ratio and τb = 1 − τe for boiling process time ratio, respectively. δ0 = 500 μm is the 
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thickness of the silicon substrate, ignoring the fin effect of the sidewall between different 
channels.  
















where α is the accommodation coefficient, ρv , hlv , and M̅ are the density, 
latent heat, and molecular weight of the saturated water vapor at a temperature of Tv. R̅ 
is the universal gas constant. Even the value of reported accommodation coefficient in the 
literature was found to vary by over four orders of magnitude, for evaporation analysis of 
wick structures in related researches, α = 1 has been the most widely used choice [137, 
138].  
Finally, the lumped overall heat transfer coefficient due to both phase change 
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 (34) 
where hb = 67 kW m
2K⁄  is the boiling heat transfer coefficient, which was taken from 
the first experimental data point. Because in which thin film evaporation time ratio is 
estimated to be less than 1%.  
8.2 CHF model 
A theoretical CHF modeling has been conducted to understand the CHF 
enhancement and the underlying mechanism. CHF is calculated based on the assumption 
that liquid is totally evaporated, then we have: 
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fgq m h    (35) 
A sophisticated CHF model is then developed according to the single annular flow 
regime, then we have: 
 .fg p sat inq m h m c T T         (36) 
Where,  is the exit vapor quality, which is calculated based on the correlation of void 
fraction. It is determined from the annular flow. 
One popular void fraction correlation (α) for annular flow was developed based 
on the Zuber-Findlay model in regular size channels [139]. In this study, the 
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Then we can derive the expression of   from above equation, 
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where Co is the phase distribution parameter, Vgj is the drift velocity and G is the 
mass flux. ρg and ρl is the vapor density and liquid density, repectively. C0 is calculated 
from Drift-flux model by Ishii [140]: 
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8.3 Results and Discussions 
For a given flow rate, thin film evaporation process starts to primarily determine 
the heat transfer rate with heat flux increasing, as indicated by the increasing time ratio 
up to 34% from visualization. A heat transfer model has been developed with following 
major assumptions: (1) boiling and steady-state thin film evaporation happens alternately, 
without consideration of the convection or condensation, (2) negligible temperature drop 
at the vapor/liquid interface, (3) uniform heat flux from the sidewall, (4) the liquid film 
only covers the vertical sidewalls of the microchannel. With the assumption of a constant 
vapor temperature (100 °C) in the current model and a smaller two-phase interface area, 
the theoretical HTC is conservative. 










 Theoretical HTC ( = 1)





















Figure 8.1 Prediction of HTC compared to  
experimental data. 
Using the dimension of the pin fins, the equivalent thickness and thermal 
conductivity of pin fin array together with thin liquid film are  δ′= 33.8 µm and k′= 
68.2 W/mk, respectively. The accommodation coefficient, α = 0.1~1, a determining 
factor of the interfacial heat transfer coefficient [141] is selected to represent low and 
high bounds of the evaporation rate [141].  
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Even the value of reported accommodation coefficient in the literature was found 
to vary by over four orders of magnitude, for evaporation analysis of wick structures in 
related researches, α = 1  has been the most widely used choice [137, 138]. The 
interfacial heat transfer coefficient can be calculated and the maximum mass flux that the 
evaporation process through the thin film on the sidewalls can handle is ~1600 kg/m2s. It 
should be noted that this is a conservative model, since the actual vapor temperature is 
higher than 100°C and the liquid should evaporate not only from the thin films on the 
sidewalls but also from the bottom and top walls of the microchannel.  
In this study, annular flows were observed near CHF conditions at different flow 
rates. The total liquid film thickness is 2×10 µm (gap size between pinfin and side wall) 
compared to channel width of 220 µm. Therefore, the void fraction is 0.9545. The vapor 
density is calculated based on the channel pressure near CHF at different flow rates. After 
the calculations of C0 and Vgj, the exit vapor quality is plotted versus mass flux in Figure 
8.2. 



























Figure 8.2 Comparison of exit vapor quality  
between experiments and prediction on water. 
Prediction of exit vapor quality is shown in Figure 8.2 and Figure 8.4 on on water 
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and HFE 7100, respectively. As compared in Figure 8.3 and Figure 8.5, the theoretical 
limit of CHF fits perfectly with experimental data for low mass flux condition on water 
and HFE 7100. With a higher mass flux, the measurement data deviated from the 
theoretical prediction. Because in high mass flux condition, the vapor generated inside 
the microchannels cannot be promptly discharged to the downstream, and the expanding 
vapor bubble will temporally block the channels and induce premature dry-out 
conditions. 






















 Model #2 
 
Figure 8.3 Prediction of CHF compared to  
experimental data on water.  




























Figure 8.4 Comparison of exit vapor quality  

























Effective heat flux (W/cm
2
)  
Figure 8.5 Prediction of CHF compared to  
experimental data on HFE7100. 
The theoretical model can predict the trend of the thermal performance well, 
particularly, in the evaporation dominant regime as shown in Figure 8.3 and Figure 8.5. 
8.4 Conclusions 
Heat transfer and CHF model is developed for the single annular flow regime 
activated by pin-fin array in microchannels. The theoretical models can predict the trends 











CHAPTER 9 EXPERIMENTAL AND THEORETICAL STUDIES OF 
CHF OF FLOW BOILING IN MICROCHANNELS WITH 
MICROBUBBLE-EXCITED HIGH-FREQUENCY TWO-PHASE 
OSCILLATIONS 
To better understand this CHF enhancement mechanism, a semi-theoretical study 
in conjunction with experimental investigation is conducted based on fundamental 
thermal/fluid physics in this study. To develop a semi-theoretical CHF model for flow 
boiling in microchannels with high frequency self-sustained two-phase oscillations, all 
essential thermo-physical properties, for example, heat conductivity, specific heat, and 
latent heat of evaporation should be considered. In addition, the mass flux of subcooled 
liquid is critical to direct condensation heat transfer at the liquid-vapor interface, which 
primarily determined bubble dynamics in the inlet manifold and CHF condition of 
subcooling flow boiling [103, 104]. Especially, as the CHF is approaching, vigorous 
vapor generation resulting from thin film evaporation leads to reversal vapor flow, which 
is governed by the Helmholtz and Rayleigh instabilities. Therefore, it is critical to take 
account of the interfacial condensation [105].  
It is challenging to couple the Helmholtz and Rayleigh instabilities [106] in a flow 
boiling CHF model. The Helmholtz critical velocity of the reversal vapor flow is 
determined by surface tension and hydraulic diameter of the channel. The establishment 
of stable vapor columns in the channel blocks the liquid supply to the heating areas and 
hence results the CHF conditions. The major challenges to develop theoretical CHF 
model are twofold: first, the length of vapor columns varies with the coolant flow rate;
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second, the interfacial condensation heat transfer rate is difficult to determine. 
Visualization study of bubble dynamics at CHF conditions is conducted to address the 
former challenge. Additionally, three different interfacial heat transfer coefficient (h) 
correlations have been used to adopt the best suitable interfacial heat transfer coefficient 
model for this present condition. All related influences arising from subcooling, 
conjugate heating, and mass flux are taken account into the model. 
9.1 Experimental apparatus and methods 
 
Figure 9.1 Schematic of CHF phenomena in microchannel. (a) architecture 
of the testing chip, (b) stable vapor column formed at the opening of  
auxiliary microchannel at G= 900 kg/m2s. 
Micro devices are designed and fabricated to enhance CHF of flow boiling in 
microchannels. Each micro device consists of four main channels (H=250μm, W=200μm, 
L=10mm) with an orifice (H=250μm, W=20μm, L=400μm) placed at the inlet of each 
main channel to trap bubbles as shown in Figure 9.1. Two auxiliary channels (H=250μm, 
W=50μm, L=5mm) are connected at the middle of each main channel through a 20μm 
opening as highlighted in Figure 9.2(a). The auxiliary channels are also open to the inlet 
manifold. The design and fabrication of the microchannel device were detailed in our 
previous studies [18, 37]. The experimental apparatus (including the test module and 
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loop), experimental procedure, and the data reduction method established in our previous 
studies are adopted in this study.  
In an earlier study [13], it was shown that the temperature of inlet subcooling has 
negligible effects on CHF. Therefore, CHF data with an inlet fluid temperature of 25 °C 
is collected for varying mass fluxes from 200 to 1350 kg/m2s. In addition, a uniform heat 
flux is applied to the bottom of the micro device. 
9.2 CHF conditions 
It is critical to learn from visualization data at CHF conditions in order to develop 
a high-fidelity CHF model. In this study, CHF of flow boiling with deionized (DI) water 
is explored in a multiple microchannel array. Nucleation of bubble first starts on the 
bottom surface of the auxiliary channel. These nucleating bubbles confine quickly and 
then expand backwards (reversal vapor flow) in the auxiliary channels as shown in Figure 
9.2 due to the restriction of the nozzles. Direct condensation occurs at the vapor/liquid 
interface resulting in shrinkage of the bubble and bubble eventually collapses in the 
auxiliary channels. This action then sucks liquid from inlet manifold and forms jetting 
flow in the main channels through the nozzle [37]. With further increase in heat flux to 
some extent, liquid supply through auxiliary channels is blocked due to stable vapor 
column and hence bubble collapse ends in auxiliary channels. In another word, CHF 
conditions approach when stable vapor column is formed in front of auxiliary channels in 
the inlet manifold (Figure 9.1(b)) due to equilibrium of heat transfer at the vapor/liquid 
interface. The theory of Helmholtz instability is adopted to predict critical vapor velocity 
[142-145]. Wave flow is induced by intense vapor flows. Additionally, the critical vapor 




Figure 9.2 Schematic of vapor backflow in auxiliary channel. 
Significantly enhanced CHF has been experimentally demonstrated in the 
microchannels using self-excited and self-sustained microbubble oscillations mechanism 
[37]. In this study, experimental data of CHF is plotted in Figure 9.3 for a wide range of 
mass fluxes from 200 kg/m2s to 1350 kg/m2s. The maximum CHF value of 1020 W/cm2 
is achieved at a mass flux of 1350 kg/m2s in this study. Existing CHF values are also 
compared in Figure 9.3  
 
Figure 9.3 Experimental CHF data of present  
study and reported existing studies. #1. plain- 
wall microchannels in Qu and Mudawar’s study 
[95] .#2, plain-wall microchannels with inlet  
orifices and #3, structured microchannels with  
inlet orifices in Kuo and Peles’s study [31]. #4,  
plain-wall microchannels with pressure drop  
elements and #5, plain-wall microchannels 
without pressure drop elements in Kuan and 
Kandlikar’s study [146] 





























Such a comparison is hard to make due to the significant variations in the 
experimental conditions and dimensions of microchannels. The objective of this 
comparison we made here is only to show efforts that have been done in last decade. 
CHF experimental results in the present microchannel configuration and results in 
literatures are compared and shown in Table 9.1. It can be seen from Table 9.1 that the 
present microchannel configuration made significant progresses using a passive 
enhancement technique.  
Table 9.1 Comparison of CHF experimental data for DI-water 
CHF data by The length 
of heating 
area (mm) 
Tin(ºC) G (kg/m2s) 
 CHFq  (W/cm2)
 
Qu and Mudawar [95] 44.8 30 86 ~ 368 107.64 ~ 
216.76 
Kuan and Kandlikar [146] 63.5 25.4 46.4 ~ 171.9 20.6 ~ 545 
Kuo and Peles [31] 10 22 83 ~ 303 161.2~ 645.3 
Present Experimental 
study 
10 25 200 ~ 1350 ~ 1020.0 
9.3 Semi-theoretical CHF model   
A semi-theoretical CHF model provides insights into CHF mechanisms since it is 
built on a solid understanding of the CHF mechanisms from experimental studies. 
Moreover, it is also convenient to implement a theoretical and semi-theoretical CHF 
model. In this present study, by incorporating interfacial heat transfer rate with a liquid 
thin film dryout model, a semi-theoretical CHF model is proposed based on an energy 
conservation analysis in a pair of neighboring auxiliary channels. All major 
thermo/fluidic properties and geometries are considered in this proposed model. The flow 
chart in Figure 9.4 shows the relationship among key governing parameters of CHF. Heat 
in auxiliary channels is transported by high frequency bubble growth (from boiling) and 
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collapse (from direct interfacial condensation) [146]. The direct condensation is 
determined by heat transfer at the vapor/liquid interface or by forces (such as surface 
tension, inertia forces) acting on the interface [147, 148]. The heat transfer at the 
vapor/liquid interface with phase transition highly depends on local thermo-physical 
properties, such as liquid conductivity, specific heat, latent heat of vapor, density, 
viscosity and surface tension, etc.; therefore, it is a complex process.  
 
Figure 9.4 The relationship among key parameters 
that govern CHF 
In this study that CHF of flow boiling on the present microchannel configuration 
is assumed to be primarily governed by the Helmholtz instability [144, 145]. The 
Helmholtz instability is induced by the fast vapor flow in auxiliary channels. Helmholtz 
critical velocity has a relationship with critical vapor wavelength. Hence, Rayleigh 
instability is applied to predict the critical vapor wavelength of vapor back flow in the 
auxiliary channels. At CHF, stable vapor columns are formed in front of auxiliary 
channels. At this condition, Helmholtz critical velocity should be equal to vapor jet 




















Rayleigh critical wavelength [106] is determined by 
2 hD    (43) 
Where, As is cross section area of auxiliary channel, v
m is the mass of vapor 
flow, v  is density of vapor,  is surface tension, Dh is the hydraulic diameter of 
auxiliary channels. When c vU U , CHF conditions are approached. 
 
Figure 9.5 (a) CHF phenomena at G=900 kg/m2s, (b)  
Schematic of vapor column formed at the opening of auxiliary 
channel. Length of vapor column entered subcooled liquid 
includes two parts, front surface (radius of R≈Dh) and side 
surface (side length l). 
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To better describe the interfacial heat transfer process, the stable vapor column is 
divided into two distinct zones, i.e., the front zone and side zone, shown in Figure 9.5. 
For a given heat flux, the vapor column length in the side zone varies with mass fluxes. 
The vapor column in the front zone is assumed as a hemisphere with a diameter of 2Dh 
according to the experimental observations. Vapor in both front and side zones directly 
contacts with subcooled liquid and plays a significant role in determining CHF of flow 
boiling on the present microchannel configuration. 
According to the present experimental studies, two types of auxiliary channel 
dryout modes are found to exist. Out of these two modes, the partially liquid thin film 
dryout mode is observed at low mass fluxes; while the fully liquid thin film dryout mode 
occurs at high mass fluxes as illustrated in Figure 9.6. In the partially liquid thin film 
dryout mode, only front surface of vapor column contacts with subcooled liquid. In 
contrast, the whole vapor column has direct contact with subcooled liquid at the fully 
liquid thin film dryout mode. Therefore, two CHF models are proposed based on these 
two-distinct liquid thin film dryout modes. 
 
Figure 9.6 Schematic of two types of liquid thin film dryout  
modes. (a) Partially developed liquid thin film dryout mode,  




9.3.1 CHF model based on fully developed liquid thin film dryout mode 
Vapor jets merging from two neighboring auxiliary channels to form a stable 
vapor column were observed in CHF conditions. In case of the fully developed liquid 
thin film dryout mode (as shown in Figure 9.6(b)), condensation occurs on the side 
surface and front surface of the vapor column. By incorporating direction condensation 
with the vapor back flow, a theoretical CHF model is developed using energy 
conservation principle: 
𝑞𝐶𝐻𝐹
" . 𝐴𝑤 = ℎ. 𝐴𝑣. ∆𝑇𝑠𝑢𝑏 + 𝑚𝑣. ℎ𝑓𝑔 (44) 
Where 
𝐴𝑣 = 𝑙. 𝐻 + 𝐷ℎ . 𝐻 (45) 
wA L d   (46) 
Aw is area of the heated surface, Av is contact area between vapor column and 
subcooled liquid, and d is width of auxiliary channel respectively. CHFq is the critical heat 
flux and h is the interfacial heat transfer coefficient. fgh is latent heat of vapor. ΔTsub is 
the temperature difference between saturated vapor and incoming subcooled liquid. L is 
the length of heated surface. l represents the side length of vapor column entering 
subcooled liquid (Figure 9.5(b)). Side length can be measured from flow visualization 
images. Therefore, a constant number (n) is introduced into the model related to side 




  (47) 
The constant number (n) is an important parameter to determine the CHF value. 





" = [ℎ. ∆𝑇𝑠𝑢𝑏(𝑛. √2. 𝜋 + 1).
𝐷ℎ
𝑑







In Eq. (39), ΔTsub (the temperature difference between saturated vapor and 
incoming subcooled liquid) and h (heat transfer coefficient at vapor/liquid interface) are 
essential to predict CHF. However, it is extremely challenging to accurately determine 
these two parameters as they are significantly influenced by the incoming subcooled 
liquid flow. The effect of mass fluxes on ΔTsub is considered and ΔTsub is estimated at any 
given axial location in the later section. 
9.3.2 CHF model based on partially developed liquid thin film dryout mode 
Equation (39) is not directly applicable to partially developed thin film dryout 
CHF condition. A modification is needed only for the front surface of vapor column 
contacted with the subcooled liquid (Figure 9.6(a)). Moreover, a small portion of heated 
surface (L) is still covered with thin film liquid. Therefore, the dryout surface in auxiliary 
channel and condensation area can be expressed by: 













 . n   represents the length of liquid thin film in the auxiliary 
channel (Figure 9.6(a)). Substituting Eq. (40) and (41) into Eq. (35), the model based on 
the partially developed thin film dryout mode becomes: 
𝑞𝐶𝐻𝐹










Note that, when n = 0, it means no liquid exists in auxiliary channel.  
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In summary, the above two CHF models are developed to predict the CHF for 
flow boiling in microchannel with high frequency self-excited two-phase oscillations. 
These two CHF models are investigated upon the energy conservation. It has been shown 
that ΔTsub and h are two critical parameters in determining CHF. 
9.3.3 Estimating ΔTsub and h 
Since the local subcooling temperature varies significantly during flow boiling 
processes, it would be more convenient to represent ΔTsub with a stable parameter in the 
above two CHF models. It is discussed earlier that ΔTsub is closely related to subcooled 
liquid mass flux, G and can be represented as a function of G. The relationship between 
G and ΔTsub is studied using the control volume method. As shown in Figure 9.7, a 
counter flow is observed at the vapor/liquid interface and is used to model the interfacial 
heat and mass transfer. Based on the energy conservation principle, the heat from vapor 
interface is transferred to the incoming subcooled liquid by condensation through the 
contact area. The subcooled liquid surrounding the vapor bubble is then heated up by 
vapor via condensation and eventually, all the liquid is heated up by conduction and 
convection. 
 
Figure 9.7 Schematic of a counter flow at the opening of auxiliary channels. Control 
volume approach was applied to analyze energy conservation of the counter flow. 
The heat transfer rate from vapor interface to liquid is computed as: 
𝑞𝑣 = ℎ. 𝐴𝑣. ∆𝑇𝑠𝑢𝑏 (52) 
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Where, ∆𝑇𝑠𝑢𝑏 = 𝑇𝑠𝑎𝑡 − 𝑇𝑠𝑢𝑏 
The sensible heat of subcooled liquid is: 
l l pq m c T    (53) 
Where, l l cr lm A U   , the mass flux of subcooled liquid is l lG U  , cp is 
liquid specific heat and ∆𝑇 = 𝑇𝑠𝑢𝑏 − 𝑇𝑖𝑛.  
In counter flow, heat transfer rate, v lq q based on energy conservation. 𝐴𝑐𝑟 is 
the cross-sectional area of counter flow and can be represent (𝑑. 𝐻) in the simple form.  
Conduction contribution to Tsub through substrate is ignored by assuming 1-D heat 
conduction through bottom of auxiliary channels and also due to high velocity of 
subcooled liquid flows. Therefore, the temperature of subcooled liquid (Tsub) around the 
interface is determined by: 
 
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Then, the local subcooling, ∆𝑇𝑠𝑢𝑏 can be expressed as 
 
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The inlet temperature of DI-water is 25ºC in this study.          
Substituting Eq. (55) into Eq. (48) and (51), two CHF models in Eq. (55) and (56) 
are expressed as a function of mass flux, G. 
Fully developed liquid thin film dryout model: 
𝑞𝐶𝐻𝐹
" = [ℎ. (
𝐺.𝑐𝑝.𝑑.(𝑇𝑠𝑎𝑡−𝑇𝑖𝑛)
(𝑛.√2.𝜋+1).𝐷ℎ.ℎ+𝐺.𝑐𝑝.𝑑












Partially developed liquid thin film dryout model: 
𝑞𝐶𝐻𝐹













In these two CHF models, most of critical parameters are included. However, the 
interfacial heat transfer coefficient in Eq. (55) and (56) is still unknown, which is a key 
parameter to reflect the interfacial condensation heat transfer. This process is also called 
heat transfer controlled condensation [147]. Many correlations have been developed for 
condensation of vapor bubbles translating in subcooled liquid in previous studies. 
However, most of these correlations are developed by considering vapor bubbles rising in 
a stagnant subcooled liquid. Chen and Mayinger [103] studied condensation of vapor 
bubbles in slow flowing liquid and proposed a correlation to predict Nu as follows: 
0.7 0.50.185?Nu Re Pr  (57) 
Zeitoun et al. [149] showed that local subcooling and Jacob number have 
significant effects on the condensation heat transfer. In addition, very limited correlation 
is found in the literature for steam bubbles condensing in flowing subcooled water. 
Warrier et al. [150] eveloped a semi-empirical correlation for vapor bubbles condensation 
in subcooled flow boiling accounting local subcooling: 
 
11
9/10 2/3320.6? 1 1.2Nu Re Pr Ja Fo   (58) 
Kim and Park [151] proposed the interfacial heat transfer of large non-spherical 
condensing vapor bubble in subcooled turbulent flow of water as follows: 
0.7 0.4564 0.20430.2575?Nu Re Pr Ja   (59) 









Vapor column Reynolds number is defined as, 𝑅𝑒 =
𝜌𝑙𝑈𝑟𝑒𝑙𝐷ℎ
𝜇𝑙
. Hydraulic diameter of 
auxiliary channel is: 𝐷ℎ =
4𝐴𝑠
𝑃
. and  
2
rel v lU U U  . Where, lk is the conductivity 
of subcooled liquid, l is dynamic viscosity of water. As is the cross-section area of 







  and and Jacob number is: 








  (60) 
Fourier number is a time dependent number and adopted from a simple 
correlation proposed by Chen and Mayinger [103]. 
0.7 0.5 1.01.784Fo Re Pr Ja    (61) 
In order to estimate local subcooling from Eq. (55), expression for Nu is required. 
In addition, liquid subcooling is required to calculate Ja and therefore, Nu. Hence, a trial 
and error process were adopted to estimate the local subcooling. All thermophysical 
properties are calculated according to local temperature. Thermophysical properties of 
saturated water at atmospheric pressure are used in present study. 
9.3.4 Uncertainty analysis 
The uncertainties of the measured values as shown in Table 9.2, are obtained from 
the manufacturer’s specification sheets, while the uncertainties of the derived parameters 
are calculated using the method developed Kline and McClintock [152].    
9.3.5 Mean absolute error(MAE) 
Mean absolute error (MAE) is used to evaluate the difference between the 

















   (62) 
Table 9.2 Uncertainties in variables used in uncertainty analysis. 
name of variables Error 
Mass flux, G 1.0% 
Voltage supplied by power source, V 0.5% 
Current supplied by power source, I 0.5% 
Ambient temperature, T 0.1ºC 
Electrical power, P 0.7% 
Electrical resistance, R 0.7% 
Heat transfer coefficient at vapor/liquid inerface, h  9.0% 
9.4 Results and discussion 
9.4.1 Correlation of constant number (n) with mass flux 
Constant number (n), a dimensionless parameter related to the length of vapor 
column (l) and critical wave length (λ), is introduced in this study. According to the 
observation of CHF phenomena, l varies with mass fluxes from 200 kg/m2s to 1250 
kg/m2s and increases with the increase of mass flux, as illustrated in Figure 9.8. Vapor 
column length, l is measured from flow visualization images at different mass flux 
conditions and constant number, n is calculated using Eq. (43) and (47). To quantitatively 
reflect the influence of l on n, a correlation of n is expressed as a function of mass flux, G, 
as shown in Eq. (63). This correlation is generated by interpolating experimental results 
based on four cases as plotted in Figure 9.9 and shown in  
Table 9.3. The image resolution is 800x160, and sample rate is 22857 fps. The 
side length of vapor column was calculated by counting the number of pixel (4.49 
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μm/pixel). The uncertainty of the side length of vapor column is ±10μm (about ±2 
pixels). 
 
Figure 9.8 CHF phenomena at G= 200  
kg/m2s, 600 kg/m2s, 900 kg/m2s and 1250  
kg/m2s, the constant number is n=0, 0.32,  
0.745 and 0.96, respectively. Constant  




 , 370 m  . 
 
Figure 9.9 Constant number as a function  
of mass flux. 
The correlation of constant number, n, as a function of mass flux, G, can be 
estimated as:  
8 20.233 0.0011 9.7 10n G G      (63) 









































9.4.2 Modeling direct condensation at the vapor/liquid interface 
The CHF conditions are strongly influenced by the condensation of vapor column. 
The depth of vapor column entering subcooled liquid in the inlet manifold is determined 
by the boiling in auxiliary channels and the direct condensation. However, the 
condensation at the moving vapor/liquid interface is complex, especially when coupled 
with a non-uniform and highly dynamic temperature field. Direct condensation of vapor 
column in the subcooled liquid is governed by two different phenomena: (1) heat transfer 
at vapor/liquid interface, and (2) inertia force of the subcooled liquid. At small/moderate 
local subcooling, direct condensation of vapor column in the subcooled liquid is 
governed by the heat transport at vapor/liquid interface, whereas, at higher subcooling, 
condensation process is controlled by inertia force of subcooled liquid. In this study, 
ΔTsub is obtained for all the mass fluxes and it is increased with mass flux as shown in 
Table 9.4 
Hence, it can be concluded that direct condensation is not only influenced by 
interfacial heat transfer, but also affected by inertia force of the liquid mass flux, G in this 
present condition. 
Studies showed that the interfacial heat transfer is greatly influenced by Jacob 
number (Ja) [153]. Ja represents the ratio of the sensible heat of liquid to the latent heat 
of vapor. It is a criterion for interfacial heat and mass transfer. Jacob number, Ja is 
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expressed in Eq. (60). The thermophysical properties of vapor and subcooled liquid are 
assumed to be constant at a given temperature. Hence, it can be seen from Eq. (60) that 
Ja depends on local subcooling, ΔTsub. The dependency of Ja on ΔTsub plotted in Figure 
9.10. Figure 9.10 shows that Ja increases with ΔTsub. Previous experimental studies have 
shown that Ja is closely related to the thermal boundary layer thickness around the vapor 
column [154]. When Ja>100, the thermal boundary layer is thin and unstable due to local 
condensation effects [103, 147, 153], resulting in an increased condensation heat transfer 
rate and liquid inertia is the dominant factor for this condensation. Conversely, at a small 
value of Ja (Ja<80), the thermal boundary layer becomes thicker, resulting in a decreased 
interfacial heat transfer rate [147].  

















Therefore, the study of Ja (related to interfacial heat transfer) relationship to mass 
flux of subcooled liquid (related to inertia force) is critical to understand the condensation 
process. The relationship between Ja and G is investigated based on Eqs (55) and (60), 
and plotted in Figure 9.11. From figure, it can be seen that Ja increases from 108.05 to 




Figure 9.10 The dependency of Jacob  
number, Ja on local subcooling, ΔTsub. 
 
Figure 9.11 Jacob number as a function of  
mass flux. 
9.4.3 Prediction of the present theoretical CHF model and comparisons with 
existing models/correlations  
As shown in Figure 9.5, the auxiliary channels under the CHF conditions are 
shown to be fully dryout at a mass flux range of 200 kg/m2s to 1250 kg/m2s. As a result, 
partially developed liquid thin film dryout model is not applicable to predict CHF on 
these conditions. According to the fully developed liquid thin film dryout model in 
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combination with correlation of constant number, n, CHF can be predicted. Three 
different interfacial heat transfer coefficient (h) correlations have been used, namely, 
Chen and Mayinger [103] correlation, Warrier et al. [150] correlation and Kim and Park 
[151] correlation to adopt the best suitable interfacial heat transfer coefficient model for 
this present condition. Additionally, the theoretical predictions are compared with 
experimental data at a mass flux range of 200 kg/m2s to 1350 kg/m2s as shown in Figure 
9.12. It can be seen from figure that the CHF model based on Chen and Mayinger [103] 
correlation and Warrier et al. [150] correlation over predict the experimental data with a 
MAE of 70% and 32% respectively, whereas, Kim and Park [151] correlation under 
predict the experimental data with a MAE of 25%. This large deviation of CHF model 
based on Chen and Mayinger correlation with experimental data is due to the different 
operating condition and inaccuracy in local temperature measurement. Chen and 
Mayinger correlation was proposed based on bubble condensation in slow flowing 
subcooled liquid and bulk temperature was considered instead of local liquid temperature. 
Warrier et al. and Kim and Park correlation were proposed based on bubble condensation 
in subcooled flow boiling and local temperature (local subcooling) was incorporated in 
terms of Ja. Therefore, higher accuracy is obtained in CHF model with experimental data 
due to the similarities in operating condition and measurement accuracy. Warrier et al. 
correlation was proposed at atmospheric pressure, whereas Kim and Park correlation was 
proposed at low pressure. Though, this present study is conducted at atmospheric 





Figure 9.12 Comparison of CHF predictions  
with experimental CHF data. 
 
Figure 9.13 Comparison of CHF results  
between theoretical CHF model and  
correlations by other researchers. 
The proposed semi-theoretical CHF models are also compared to existing CHF 
models/correlations as summarized in Table 9.5 and plotted in Figure 9.13. These three 
correlations are well recognized among numerous CHF correlations of flow boiling in 
mini/microchannels. As shown in Figure 9.13, the semi-empirical correlation developed 
by Kosar et al [26] can be extended to the operating range of mass fluxes in present study. 









 Present study (1)
 Present study (2)
Three correlations:
 Ali Kosar [31]



















The Kosar’s correlation is shown to agree well with the experimental CHF data with 
MAE of 10.3% using DI-water. This prediction is even slightly better than our 
semi-theoretical model developed in this study. This could be a result of the similarities in 
the microchannel configurations and dryout mechanisms between the Kosar’s research 
and our present study. Specifically, inlet orifices are used in both microchannel 
configurations to regulate two-phase flow. CHF mechanisms and criteria behind these 
two configurations could be same, i.e., hydrodynamic instabilities. Surface tension force 
is dominant during flow boiling in microchannels [155]. Weber number that measures the 
relative importance of the fluid’s inertia to surface tension can well represent the critical 
role of surface tension force in governing CHF conditions. These reasons may lead to a 
great agreement between the Kosar’s correlation and our semi-theoretical model. It is 
noted that the operating range of mass fluxes (41-302 kg/m2s) and range of effective heat 
fluxes (28-445 W/cm2) in Kosar’s study is much smaller compared to the present study. 
Additionally, the correlation developed by Bowers et al. [96] overpredicts CHF 
values and Qu’s correlation [95] underpredicts CHF over the entire mass flux range with 
a large discrepancy. These large deviations may be attributed to differences in channel 
dimensions, applicable mass fluxes, heating area, etc. By comparing these two 
correlations to Kosar’s correlation, it is found that the heater size and channel hydraulic 
diameter were not considered in Kosar’s correlation. However, Bowers’ and Qu’s 
correlations employed a ratio of L/d. This ratio may be a possible reason for the resulting 
large deviations. Moreover, the ratio of liquid and vapor density was taken into account in 




Table 9.5 Comparison of present CHF model and existing models/correlations. 
Reference Recommend
ed channel 
size and fluid 
Correlation of CHF MAE 
(%) 
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In this study, CHF of flow boiling in microchannels with self-excited and 
self-sustained high frequency two-phase oscillations is experimentally and theoretically 
studied. A semi-theoretical CHF model is developed based on energy conservation 
principles and the Helmholtz instability and Rayleigh instability theories. Previous CHF 
models and empirical CHF correlations are compared to the present theoretical CHF 
model. Major conclusions are summarized as follows: 
A microbubble-excited actuation mechanism can significantly enhance CHF in 
microchannels during flow boiling in a passive way. Formation of stable vapor columns 
in auxiliary channels is the primary reason resulting in CHF conditions. 
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The direct condensation of vapor significantly alters the temperature of subcooled 
liquid. Jacob number increases with the increasing mass flux. 
According to the observations of CHF phenomena, the length of vapor columns 
entering into subcooled liquid varies with mass fluxes. Consequently, two theoretical 
CHF models are developed based on two possible liquid thin film dryout modes. The 
developed theoretical CHF models in this study can predict experimental data with a 
MAE of 25% and 32%. 
Existing recognized CHF correlations in mini/micro-channels are also compared 
to present study. The semi-empirical correlation developed by Kosar shows a great 
agreement with the experimental data because of the similarities in the microchannel 
configuration and CHF mechanisms.  
The theoretical CHF model developed in this study considers effects of 
thermo-physical properties, geometries, and flow conditions. The development of the 
theoretical CHF model provides insights into the CHF mechanisms. However, further 
investigation is needed to estimate accurate local subcooling and interfacial vapor to 
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[102] Koşar, A., 2009, "A model to predict saturated critical heat flux in minichannels 
and microchannels," International Journal of Thermal Sciences, 48(2), pp. 261-270. 
[103] Y. M. Chen, F. M., 1992, "Measurement of heat transfer at the phase interface of 
condensing bubbles," International Journal of Multphase Flow, 18, pp. 877-890. 
[104] Ward, C., and Stanga, D., 2001, "Interfacial conditions during evaporation or 
condensation of water," Physical Review E, 64(5). 
[105] Bandhauer, T. M., Agarwal, A., and Garimella, S., 2006, "Measurement and 
Modeling of Condensation Heat Transfer Coefficients in Circular Microchannels," 
Journal of Heat Transfer, 128(10), p. 1050. 
[106] Rayleigh, L., 1878, "On The Instability Of Jets," Proceedings of the London 
Mathematical Society, s1-10, pp. 4-13. 
164 
 
[107] Qu, W., and Mudawar, I., 2003, "Flow boiling heat transfer in two-phase 
micro-channel heat sinks––I. Experimental investigation and assessment of correlation 
methods," International Journal of Heat and Mass Transfer, 46(15), pp. 2755-2771. 
[108] Qu, W., and Mudawar, I., 2003, "Flow boiling heat transfer in two-phase 
micro-channel heat sinks––II. Annular two-phase flow model," International Journal of 
Heat and Mass Transfer, 46(15), pp. 2773-2784. 
[109] Alam, T., Li, W., Yang, F., Chang, W., Li, J., Wang, Z., Khan, J., and Li, C., 2016, 
"Force analysis and bubble dynamics during flow boiling in silicon nanowire 
microchannels," International Journal of Heat and Mass Transfer, 101, pp. 915-926. 
[110] Evelyn N. Wang, L. Z., Linan Jiang, Jae-Mo Koo, James G. Maveety, Eduardo A. 
Sanchez, 2004, "Micromachined Jets for Liquid Impingement Cooling of VLSI Chips," 
JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, 13, pp. 833-841. 
[111] Fabbri, M., and Dhir, V. K., 2005, "Optimized Heat Transfer for High Power 
Electronic Cooling Using Arrays of Microjets," Journal of Heat Transfer, 127(7), p. 760. 
[112] Chen, Y. C., Ma, C. F., Qin, M., and Li, Y. X., 2005, "Theoretical study on 
impingement heat transfer with single-phase free-surface slot jets," International Journal 
of Heat and Mass Transfer, 48(16), pp. 3381-3386. 
[113] Yang, F. H., Alwazzan, M., Li, W. M., and Li, C., 2014, "Single- and Two-Phase 
Thermal Transport in Microchannels With Embedded Staggered Herringbone Mixers," 
Journal of Microelectromechanical Systems, 23(6), pp. 1346-1358. 
[114] Yang, F., Dai, X., and Li, C., 2012, "High frequency microbubble-switched 
oscillations modulated by microfluidic transistors," Applied Physics Letters, 101(7), pp. 
073509-073504. 
[115] Ruckenstein, E., and Jain, R. K., 1974, "Spontaneous rupture of thin liquid films," 
Journal of the Chemical Society, Faraday Transactions 2: Molecular and Chemical 
Physics, 70(0), pp. 132-147. 
[116] Hsu, Y. Y., 1962, "On the Size Range of Active Nucleation Cavities on a Heating 
Surface," Journal of Heat Transfer, 84(3), pp. 207-213. 
[117] Basu, N., Warrier, G. R., and Dhir, V. K., 2002, "Onset of Nucleate Boiling and 
Active Nucleation Site Density During Subcooled Flow Boiling," Journal of Heat 
Transfer, 124(4), p. 717. 
[118] Kline, S. J., and McClintock, F. A., 1953, "Describing uncertainties in 
single-sample experiments," Mechanical Engineering, 75(1), pp. 3- 8. 
[119] Wojcik, T. M., 2009, "Experimental investigations of boiling heat transfer 
hysteresis on sintered, metal – Fibrous, porous structures," Experimental Thermal and 
Fluid Science, 33(3), pp. 397-404. 
[120] Zhou, D. W., Ma, C. F., and Yu, J., 2004, "Boiling hysteresis of impinging circular 
165 
 
submerged jets with highly wetting liquids," International Journal of Heat and Fluid Flow, 
25(1), pp. 81-90. 
[121] Kuo, C. J., Kosar, A., Peles, Y., Virost, S., Mishra, C., and Jensen, M. K., 2006, 
"Bubble dynamics during boiling in enhanced surface microchannels," Journal of 
Microelectromechanical Systems, 15(6), pp. 1514-1527. 
[122] Hibiki, T., and Ishii, M., 2003, "Active nucleation site density in boiling systems," 
International Journal of Heat and Mass Transfer, 46(14), pp. 2587-2601. 
[123] Abdelall, F. F., Hahn, G., Ghiaasiaan, S. M., Abdel-Khalik, S. I., Jeter, S. S., Yoda, 
M., and Sadowski, D. L., 2005, "Pressure drop caused by abrupt flow area changes in 
small channels," Experimental Thermal and Fluid Science, 29(4), pp. 425-434. 
[124] Geiger, G. E., 1964, "Sudden Contraction Losses in Single and Two-phase Flow," 
University of Pittsburgh. 
[125] R.K. Shah, A. L. L., 1978, "Laminar Flow Forced Convection in Ducts," Academic 
Press. 
[126] Gaddis, E. S., and Gnielski, V., 1985, "Pressure Drop in Horizontal Cross Flow 
Across Tube Bundles," Int. Chem. Eng., 25(1), pp. 1-15. 
[127] Kim, S.-M., and Mudawar, I., 2013, "Universal approach to predicting two-phase 
frictional pressure drop for mini/micro-channel saturated flow boiling," International 
Journal of Heat and Mass Transfer, 58(1-2), pp. 718-734. 
[128] Gunther, A. Y., and Shaw, W. A., 1945, "A General Correlation of Friction Factors 
for Various Types of Surfaces in Cross Flow," Trans. ASME, 67, pp. 643–660. 
[129] Short, B. E., Jr., Raad, P. E., and Price, D. C., 2002, "Performance of Pin Fin Cast 
Aluminum Coldwalls. 2. Colburn j-Factor Correlations," J. Thermophys. Heat Transfer, 
16(3), pp. 397–403. 
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